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ABSTRACT 


Fly ash is produced in vast quantities by power plants 
as) tals eby=product eof !:pulverized-coal © ‘burning. In North 
America fly ash is usually considered a waste material and 
is commonly deposited in disposal sites located on or near 
thea t¥and tsit csurface:. Our knowledge of the solid phase 
reaction products resulting from fly ash weathering is 
deficient. This study wasS initiated to determine the 
chemical processes and mineralogical transformations which 
accompany the accelerated weathering of fly ash. 

Two Alberta fly ashes of alkaline reactivity were 
artificially weathered ina series of five leaching columns 
uSing two types of acid weathering regimes (0.005 M H2SO, 
aniditea imixturen of nolo miMvace tic bacid cand 10: 00 2sMusaliey lire 
acid). Leachates were transferred sequentially through the 
five column series and monitored for pH and concentration of 
CRaAtTAR. iICaly Een img £orkiaitNnay Cand * ini: On termination of 
leaching the ash residues were characterized by chemical and 
mineralogical methods. 

Analyses indicated unreacted fly ashes consist of 
Spherical micron-sized particles composed of mullite 
enclosed in a two phase glassy matrix. The ashes also 
contained a highly reactive inorganic phase composed of CaO 
seen as sub-micron sized fragments (dust-like flecks) on the 
surface of ash particles. Dissolution characteristics were 


largely dictated by the reactions of the dust-like flecks 
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and the glassy matrix. 

Initial weathering characteristics included dissolution 
of soluble Na and K_ salts and hydrolysis of CaO flecks. 
Soluble forms of Na and K were either incorporated into the 
exterior glass matrix of the particles or occurred as 
discrete fragments indistinguishable from CaO flecks. A 
greater percentage of total Na than total K was associated 
with soluble salts. Hydrolysis of CaO and subsequent 
dissolution of Ca(OH), was responsible for the extreme 
alkalinity of the initial leachates. 

After acidification of the ashes, weathering was 
characterized by release of high levels of Si and Al _ from 
the external glassy matrix. The interior glass matrix was 
comprised primarily of Si with some Na, K, and Pb. Solid 
State migration and removal of Na from the glassy interior 
was active under acidic leaching conditions. 

Three groups of minerals formed in response to 
weathering: those containing Ca, those containing Fe, and 
clays of short-range order. Calcium oxide was converted to 
transient Ca(OH)2z in one of the ashes. Some Ca?* was 
precipitated through reaction with dissolved COz as. CaCO; on 
translocation into alkaline regions. Translocated Fe 
precipitated as amorphous coatings on fly ash particles. 
Aluminum and $1 dissolved under acidic conditions 
precipitated in alkaline ash asS an aluminosilicate of 
short-range order similar to proto-imogolite and allophane. 


In essence, fly ash weathers similar to volcanic ash. 
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I. INTRODUCTION 


The amount of coal used to produce thermal electric 
power has increased substantially over the last few decades. 
In the United States where coal is the major source of 
energy used for electrical power generation, consumption has 
approximately doubled every decade since the mid 1930's to 
levels of over 600 million tonnes annually since 1978 (White 
1977a; Torrey 1978). Similiar increases have occurred in 
most areas of the world. Consumption in Alberta has tripled 
in the last decade from 4.0 million tonnes in 1972 to an 
estimated 12.0 million tonnes in 1982 (ERCB 1982a). 

Coal uSage is a onecrea to increase poeeven over the 
next twenty years. Coal is expected to supply one-half to 
two-thirds of the world's additional energy requirements 
between 1980 and 2000 (Greene and Gallagher 1980). United 
States utilities are expected to consume approximately 1.8 
billion tonnes annually by the turn of the century (Gordon 
1978; Greene and Gallagher 1980). Projections for Alberta 
indicate annual consumption will reach 21.0 million tonnes 
bysethern years 2000 »(BRCB 1982b). These predictions are 
conservative and based on moderate energy growth 
assumptions. 

Coal combustion generateS a variety of by-products, 
many of environmental concern. Gaseous by-products include 
SOx and NOx compounds and a large assortment of other 


organic and inorganic vapours suspected of being 
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environmentally hazardous. Solid residues OL coal 
combustion include coal ash, which is derived mainly from 
the noncombustible residues in coal, and flue gas 
desulfurization sludges (Bern 1976). Coal ash is generated 
in the largest quantities and is ranked ninth in abundance 
among solid minerals produced in the United States (Meikle 
A9g5y¢ 

Most coal-fired electrical utilities employ a 
pulverized coal burning process which © generates two 
fractions of coal ash. The process involves the injection 
of fiffelyr® ground acoalequantod ay botrler=furnacegucombustion 
chamber. Fragments of noncombustable inorganic material are 
included with the finely divided coal and during combustion 
fuse to form coal ash. Some of the ash fuses into large 
aggregates which fall to the furnace bottom while the 
remainder, usually comprising the bulk, is carried out of 
the furnace entrained as finely divided particles in the 
flue gases. The ash falling to the furnace bottom is termed 
bottom ash, if retrieved as a solid residue, or boiler slag 
if removed in the molten state. The finely divided ash 
fraction suspended in the flue a bias referred to as fly 
ash and generally accounts for between 10% to 20% of coal by 
weight. On average, fly ash comprises about 70% of all coal 
ash residues produced by most large (>480MW) boiler-furnace 
units (Bern 1976; Torrey 1978). 

Fly ash presents a number of environmental problems 


related to its inherent chemistry. Fly ash is comprised of 
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micron-Ssized spherical particles largely composed of Si and 
Al. During combustion various inorganic components 
dispersed within the coal are volatilized and subsequently 
condense on fused silicate material to form the ash. Most 
trace elements, particularly those of higher volatility, 
become concentrated in and on the fly ash. Concentrations 
are commonly many times greater than the levels in the 
parent coals. Some of these elements are _ potentially 
noxious if mobilized from ash and released into the 
environment. 

Power plants are required by government regulation to 
control fly ash emissions. Without collection devices fly 
ash would be discharged as an aerosol into the atmosphere 
with the flue gases. A variety of particulate control 
Systems have been developed to collect fly ash particles 
entrained in flue gas streams. Most systems currently in 
use are extremely efficient; retaining in most cases close 
to 100% of the fly ash generated by power plants. 

Fly ash is utilized in the production of concrete and 
road asphalt, and as an ameliorant for some soils and acid 
mine spoils. Other uses have also been suggested such as a 
source of industrial iron and aluminum and as a source of 
Nubbiterfior the. ceramicntindustry* At present all uses 
accounus foriconlyeri0yto'20% “of Sthe ‘total amount of fly “ash 
annually produced in North America (Rohrman 1971). Most of 
the fly ash produced by electrical utilities is therefore 


regarded as a waste material requiring disposal. 


i. : ee : 
of Mobgelepe?) \snennievep yd OeTiuper dae 2insiq t9wol 


. 
' 


i 
xitnsepsedua. ae besidizetoy ax 7 
“g20m ee: eda ms02 es febresam snesthin sisasias: es cae 


erties iyatow tedpid “ho: geods atieleot ona: etngmels al 


eng condi beesoles bane des mot? Hanrlidem 71 euoixon ” 


vie ok ee besueppue sped outs: evan eeu xed70 | .2f ioga! oak 


al 


a ae 
ms ton wld) to tnwoms Tiszou od 20! 208 0 


ue 
puis | 
bane 12 4c : TT ,% a 
Prenat; oT ager Pee ae wo get 
#2znenogmos sees auoizey > cy yar asidaies ee aude 


‘enokstarzoeone) das yt eds Ne Bast “hesordaesnes amo ned - 


‘ ; , : iy ia - 
efi i ealevel eft male wsastp semis ynaem ylnommoo ois 
| | | ‘ mh 


osols aesao Jeon A iipmiateser iuneioi3ts vylomer3xe e718 oa 


an - 


han artis! ah tak serie 


r* : 


Cel, ie 


. 7 
” 


’ 


i : a y 7 
vileieewieq ese essInemels  eesns, Ic emoe .: ,elsoo tn9Iaq 
ch ; 

| ; i 


ds i 


. tage teas — 
‘ re 


senivab: nolisellon Awodsew: senolepime dee vit Lowe 
atetqeomts adt orn? [oreotss oe es bheprsdneib ed bivow: dae 
lovino> sselusttieg © | Yetwev A ,esezep sult sng daw 
seiotrrag ‘des Yt oteeblod og Boqoleved nsed sved ane say Ay, 


nk giasesuyo) eweyeye GROM .anserste esp sull ni bent andne 


tinelg vewog yd batezensp Hae yli eds, do 200t 08 
> 


bas evaeusne> to seh sowbhorg odd pi hosiliow zt des yif 


bios bne elio®, emoe’ sol neil lems he @6 Ona , 3 Ledges.) 


to eom08e 6 6 bas muniaute ian: poxt fsiszavbal ap SDI. 
eeou Dire snewesg: th “Vaseubed y ‘plimers> ‘eda 20? satitd om 


94 Ot v-elno 03) —javeon 


: " > bbe D ~ eed — , i . 
ae g20m skene nemistos) er sf B3noW at Boswboxg Lane 


aes ih ott: 


a a ae] liek we lead ie ¥ - 
B 8 HeoIHE 


% 


ohn 


i; 
“exo pinaits) ab auisition tevistoel yd 
: si ca eu on . a iy : 


. 
be ou A Be 
Os. 346 


Present methods of fly ash disposal include dry surface 
dumping, burial, and slurry-lagoon disposal. These methods 
have been used extensively in the past and appear to be the 
primary method of disposal for the future. All methods of 
disposal are similiar. The ash is deposited on or within 
close proximity to the land's surface. Questions have been 
raised as to the possible hazards presented through the 
mobilization of some fly ash components from disposal sites. 
Contamination of ground or surface waters may result from 
the release of elements such as boron, arsenic, or heavy 
metals. Problems may also arise because of dissolution of 
large quantities of soluble salts or generation of extreme 
alkalinity. Problems such as nutrient imbalances and 
availability may also occur when fly ash 1s usSed as a soil 
amendment. 

Current research on the environmental impact of fly ash 
centres on the dissolution of fly ash components and the 
chemical and physical characterization of unreacted fly ash 
particles. These studies have focused on aqueous’ leachate 
characteristics and the association of major constituent 
elements with soluble and insoluble ash fractions. 

Studies have yet to be conducted on solid phase 
transformations, reactions, and the formation of secondary 
minerals which accompany the weathering of fly ash. Such 
Studies would provide new information regarding the 
association of potentially noxious constituents with major 


phases of fly ash and provide a clear insight as to the 
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potential release and mobility of these constituents during 
weathering. 

Knowledge of the solid phase reaction products of 
weathering is extremely Pimrced@eyet= crucial” toe* our 
understanding of the behaviour of fly ash in the terrestrial 
environment. Accordingly, the present study was approached 
with the following objective in mind: 

To determine the major chemical processes and 

mineralogical transformations that accompany the 


artificial weathering of fly ash. 
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II. LITERATURE REVIEW 


The physical and chemical characteristics of fly ash 
are dictated mainly by the chemical content of the parent 
coal and the mechanics of formation during combustion. The 
meachersnggibehay 10ure Often flyegashihasi geonsequently also 
dependent on these parameters. Accordingly, the objective 
of this review is to outline the factors contributing to the 
composition, fundamental characteristics, and related 


chemical weathering behaviour of fly ash. 


A. Inorganic Components of Coal 

Coal varies in its characteristics and chemical content 
according to its geologic history. Coal fields formed from 
ancient peat swamps that were buried and subjected to 
intense heat and pressure over geologic time. The inherent 
properties of coal are continually developed from the time 
ofthburdad. The composition and quantity of inorganic 
impurities in coal are therefore also largely determined by 
the conditions of deposition and diagenesis. 

All coals contain inorganic impurities intimately mixed 
with the combustible organic material. These impurities are 
responsible for the production of coal ash. Ash residues 
produced from thermal coals generally range from 3 to 30% of 
coal by weight (Torrey 1978). Inorganic impurities 
encompass all noncoal materials including mineral phases and 


elements considered to be inorganic (Gluskoter 1975). Coal 
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impurities can be classified into three categories: finely 
disseminated inclusions observed as tiny pockets within the 
coal matrix, discrete mineral grains, and inorganic elements 
bound in organic combination (Shibaoke and Ramsden 1978; 
Smith. 1980). Rock and mineral inclusions constitute the 
majority of the residues Contrrbuting to fly ash. 
Organically bound elements play an important role in the ash 


chemistry. 


Mineral Phase Impurities 

Rock and mineral fragments become incorporated into 
coal during both sedimentation and diagenesis. Some of the 
material is derived from inorganic constituents contained in 
the original coal-forming plants. Included matter is mostly 
derived from clay-sized detrital particles deposited by 
sedimentation with the decaying organic matter. Other 
included minerals such as sulfides and carbonates are 
authigenic; wWforming® in“-the coal=through precipitation of 
dissolved groundwater constituents (Shibaoke and Ramsden 
1978). Larger mineral grains and rock fragments are 
Strictly detritus, incorporated as individually sedimented 
grains or as thin discontinuous layers of strata within the 
coal seam. The practice of including®thin layers ‘of mineral 
strata as well as other overburden materials with the coal 
during mining substantially increases the ash content of 


many coals (Torrey 1978). 
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The vast majority of minerals found in coal fall into 
one of the following groups (Watt and Thorne 1965; Gluskoter 
1978): 

1. Aluminosilicates 
2.) Sulévdes 

3. Carbonates 

4, NEST hicas(Quartz) 


5. Accessory minerals 


Of these five groups aluminosilicate clays are the most 
abundant, constituting up to 50% of the mineral matter found 
in coal. The most frequently reported clay minerals are 
kaolinites, smectites, and micas (Gluskoter 1975, 1978). 
The ingredients of clays therefore make up a large portion 
of coal ash. 

Pyrite (FeS,) is the dominant sulfide mineral found in 
eoals Marcasite, a dimorph of pyrite, has also _ been 
reported as well as a multitude of other metal sulfides 
(Gluskoter 1978). Isomorphous Substitution of many 
chalcophylic elements for Fe in pyrite is also common. 

Sulfides form authigenically in coal under strongly 
reducing conditions. Sulfur is released from the organic 
matrix to precipitate with iron (Fe**) or other dissolved 
metals. The presence of sulfides in coal is usually 
responsible for most SOx emissions and high concentrations 
of toxic elements (e.g. AS*aaCaeandekeb) inse the ash 


(Gluskoter 1975). 
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Carbonates found in coal exhibit wide ranges in 


composition. Solid solutions of Ca, Mg, Fe, and Mn are 


possible. The end members calcite (CaCO3;) and siderite 
(FecO; ) are frequently reported; however, dolomite 
(Ca,Mg(CO;3)2) and ankerite (Ca, (Mg,Fe?*,Mn),(CO3)2) 


constitute the majority of carbonates found in coals 
(Gluskoter 1978). Carbonates are primarily responsible for 
the Ca and Mg contents in fly ash (Fisher et al. 1978). 

Quartz is ubiquitous in coals and appears to be the 
ondyniormeot siiicanfoundadanicoals*® Approximately 15% of 
the mineral matter in coal is usually quartz, although 
reported contents range from 1% to 20% (Gluskoter 1978). 
Quartz is usually observed as discrete mineral grains in 
coal. 

Accessory minerals are those minerals found in very 
minute quantities. These include feldspars, amphiboles, and 
an assortment of highly resistant minerals. Contributions 
to the composition of the ash from these minerals are in 


most cases negligible (Watt and Thorne 1965). 


Elemental Impurities 
Coal contains high concentrations of many trace 


elements compared to crustal abundances (Kronberg et al. 


1981). Organically bound inorganic elements are 
pacorporatedvianto icoal through two main processes. 
Inorganic elements are inatiadl y taken up by the 


coal-forming plants and retained during coalification or 
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they are incorporated later, during diagenesis, through 
complexation and retention by the coal organics. Metals, 
dissolved in groundwater passing through the coal seam, are 
particularly susceptible to organic complexation. Depletion 
Or enrichment of specific elements may occur over time 
depending on the groundwater composition, the chemistry of 
the element, and the oxidation-reduction conditions in the 
coal seam (Smith 1980). 

Some elements exhibit a high affinity for either the 
Organic or inorganic fractions of the coal while others do 
not. The elements B, Be, Ge and Sb have been shown to _ be 
highly associated with coal organic fractions. Ba, Co, Cr, 
Hf, Pb, Rb, Sc, Sr, and Tl are elements strongly associated 
with mineral phases. Most other elements (e.g. As, Cd, Cu, 
Ga, Hg, Mn, Mo, Ni, Ti, Se, V, and Zn) show varying degrees 
of intermediate affinity (Gluskoter 1975; Block and Dams 
1926)% 

The main contribution of the parent coal to the make up 
of fly ash is its constituent inorganic elements. The 
assemblage of these constituents into fly ash particles is 


controlled through combustion processes. 


B. Particle Formation and Morphologies 

The highly complex process of coal combustion controls 
many variables influencing the formation of fly ash 
particles. On a localized basis both oxygen availability 


and temperature are very diverse in a boiler-furnace. Wide 
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ranges in mineral melting points, phase transitions, and 
decomposition temperatures further complicate ash formation 
(Shibaoke and Ramsden 1978). The fate of a noncombustible 
fragment traveling through a pulverized coal furnace is 
therefore dependent on a large number of poorly definable 
variables. 

Many coal combustion processes are available to the 
electrical industry. Pulverized coal combustion is the most 
popular process mainly because it presently provides the 
most efficient method of releasing the chemical energy bound 
within coal. In preparation for pulverized combustion coal 
is crushed or pulverized to an extremely small particle size 
(35 to 75um) to obtain a large surface area per unit mass 
(Smith 1980). The fine coal particles are then blown into 
Suspension with preheated air and ected into the furnace. 
Secondary and tertiary additions of air are usually made to 
aid in combustion (White 1977b; Torrey 1978). The coal is 
ignited in suspension consuming the oxygen provided to 
produce a diffuse flame. Continuous furnace injection 
Sustains continuous combustion (Smith 1980). 

On injection into the furnace pulverized coal particles 
act in diverse ways. Particles of a variety of sizes, ash 
contents and chemical compositions are consumed at different 
rates and for different durations. The resultant 
temperature pattern in the furnace generally takes the form 
of two overlapping combustion zones. The first zone, 


located adjacent to the injection port, is of relatively 
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high temperature. This zone forms as a result of very rapid 
combustion of highly volatile organics on immediate entry 
into the furnace. The second zone is a more diffuse lower 
temperature zone where less volatile organics are consumed 
at amuch slower rate. The temperatures encountered in the 
furnace usually range from above 1600°C in the high 
temperature zone to as low as 1000°C in the outer reaches of 


the low temperature zone (Shibaoke and Ramsden 1978). 


Fly Ash Formation 

Most fly ash particles are derived from included 
mineral matter. As the coal particles combust and are 
consumed, fusion of the included mineral matter takes place 
just behind the combustion fronts. As the melting points of 
the included minerals are exceeded, they transform into 
small spherical droplets of molten ash. The spherical shape 
develops as a result of surface tension (Raask 1969). The 
transformation is extremely rapid, usually occurring in less 
than a second. Quenching occurs while the particles are in 
suspension exiting from the low temperature combustion zone. 
Most fly ash particles are therefore vitreous spheres 
composed primarily of amorphous aluminosilicate glass. 

The size of fly ash particles depends on both the 
amount of inorganic material available and the temperature 
zone into which the material is released. Larger particles 
form as a result of coalescence of smaller droplets (Ramsden 


1969). In the high temperature zone small droplets of 
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molten ash are freed quickly from the coal matrix. Release 
of the molten ash into an environment where the temperature 
is much higher than the ash fusion temperature allows time 
for the small droplets to coalesce into larger droplets 
before quenching occurs. In the low temperature combustion 
zone, droplet release takes place at a much slower rate. 
Droplets are released into a thermal environment closer to 
the fusion temperature of the ash and therefore they do not 
have time to coalesce extensively before solidification. As 
a result, particles formed in the low temperature zone are 
usually smaller than those formed in the high temperature 
zone of the furnace (Ramsden 1969; Shibaoke and Ramsden 
£OPB)) 

Some smaller discrete mineral fragments also form 
Spherical fly ash particles. Discrete mineral particles not 
in immediate contact with carbonaceous material tend to be 
subjected to lower temperatures compared to included mineral 
material. Many discrete mineral grains therefore undergo 
only partial fusion. The degree of fusion depends on _ the 
size and composition of the mineral grain and the 
temperatures in its immediate vicinity. Due to the short 
residence time in the furnace only small fragments with low 
heat capacities undergo total fusion. Exceptionally large 
particles are most susceptible to partial fusion; however, 
these tend to fall out as bottom ash or slag and do not 
become part of the fly ash fraction (Shibaoke and Ramsden 


1978). 
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Particle Morphologies 

More than 90% of the particles in most fly ashes have 
Spherical morphologies (Fisher et al. 1978). However, a 
number of distinct fly ash particle morphologies, including 
glassy spheres, have been identified. Classification 
systems of particle morphologies are based not only on shape 
but also degree of transparency, colour, and associated 
mineralogies. Most classification schemes usually identify 
only four or five morphological classes (e.g. Natusch et 
al. 139715e) . Fisher et al. (1978) described eleven 
morphological particle types and quantified them in relation 
to four size fractions. Morphological classes included 
Pee crane nopaauet vesicular, rounded, and hollow particle 
types. All morphological types tended to increase in 
occurrence with increasing particle size except for the most 
common morphological type (nonopaque solid spheres) which 
Showed the opposite trend. Larger particles tended to 
exhibit much more irregularity in morphologies mostly 
because of partial fusion and coalesence of the larger 
materials they are derived from. 

One of the oddities in the mechanics of fly ash 
particle formation is the production of hollow spheres 
commonly known as cenospheres (Gr. hollow-sphere) (Raask 
1968). These thin-walled, bubble-like, low bulk density 
(0.4 - 0.6g-cm-*) particles average between one to _ two 
percent by volume of most fly ashes and are commonly 


observed floating on the surface of ash slurry ponds. The 
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formation mechanism for these particles is not well 
understood although production seems to be highly correlated 
with furnace temperature and iron content of the ash. A 
dramatic increase in cenosphere production, up to 20% by 
volume, generally occurs when the Fe20;3; content of the ash 
exceeds he Optimum cenosphere formation temperatures 
reported range from 1200°C to 1400°C (Raask 1968; Sarofim et 
ase 1277)) 

Some cenosphere-type particles have been found to 
encapsulate a number (5 to 100) of smaller spherical 
particles, usually <lum in diameter. The term plerosphere 
(Gr. full-sphere) has been used to describe this morphology 
(Fisher et al. 1976). The mechanism of formation is similar 
to that of cenospheres except, instead of being entirely 
hollow, the encapsulated spheres form within the _ host 
particle through budding off of molten material from the 
inside walls (Natusch et al. 1975). Recent observations 
indicate plerospheres are relatively rare compared to the 
amount of cenospheres present in most ashes (Carpenter et 
absin980):. 

On leaving the furnace, fly ash be ara oie variety of 
particle sizes and morphologies. The vast majority of the 
Particles are solid spheres formed from rapid melting, 
coalescence and fusion of the small fragments of mineral 
matter included in the coal matrix. A small percentage of 
particles may form as cenospheres or plerospheres. 


Fragments of unburnt coal and particially fused mineral 
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Matterealsoiformipartcef therasha bTheesizehdistribution Trot 
particles is mainly predetermined by the distribution and 
characteristics of the intrinsic impurities in the source 
coal: however, the mode of collection also has_ some 


influence on the particle size distribution. 


C. Collection and Particle Size Distribution 

All modern coal-fired electrical generating units are 
equipped with particulate control equipment designed to 
comply with government emission regulations. The major 
types of devices in use are cyclone collectors, 
electrostatic precipitators, wet scrubbers and bag houses. 
All have varying abilities to collect fly ash. The choice 
and design of a collection devise or combination of devices 
is plant specific and usually based on a balance between 
collection and cost efficiencies (Levy et al. 1980). 

Electrostatic precipitators (ESPs) are the most common 
and efficient particulate control devise used in large 
pulverized-coal-fired installations (Levy et al. 1980). 
Maximum collection efficiencies for most modern ESPs are 
about 99.8% (White 1977a). APltypicalewparticles size 
distribution for ESP fly ash is about 4% clay-size (<2um), 
70% silt-size (2-50um), 20% very fine sand-size (50-100um), 
and 6% medium and fine sand-size (100-500um) (Torrey 1978). 
Thesomajonityesofcother!particlestetallewithinstheasritssize 
range. Most large particles (>200-300um) do not become 


entrained in the flue gases, but rather fall to the bottom 
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of the boiler-furnace with the bottom ash fraction. This 
mechanism limits the inclusion of large ash particles in the 
fly esashpetnactron: The quantity of very small fly ash 
particles collected is mainly determined by the ability of 
the individual ESP to collect fine particles. 

The inability to efficiently collect very small fly ash 
particles is the major drawback of ESPs. Usually >40% of 
the fly ash particles produced through pulverized-coal 
combustion are <10um in diameter (White 1977b). ESP 
efficiencies begin to decline with decreasing particle size 
fractions below 20um (Biermann and Ondov’ 1980) and are 
highly inefficient at collecting particles of <1um. 
Increasing the efficiency of  submicron-sized particle 
collection is a major concern of the electrical power 
industry (White 1977a). Combining ESPs with other 
collection devices (e.g. wet scrubbers) usually improves the 
collection efficiency of finer particle sizes; however, no 
device has yet been developed which is extremely efficient 
at retaining submicron particles (Vandegrift et al. 1973). 

The labeling of fly ash with respect to it's collection 
Status has caused some confusion. Fly ash removed from flue 
gas streams is usually specifically referred to as fly ash 
in North America and is differentiated from "stack-emitted" 
or "emitted" fly ash by utilizing these qualifying terms. 
In some European countries collected fly ash may be referred 
totase"precspitatofvash” corr ticoaltiash? white  emittedwior 


uncollected fractions are referred to as "fly ash". In the 
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present study fly ash or ash will be utilized in the North 
American context and meant to refer to the collected variety 


unless specified otherwise. 


D. The Mineralogy of Fly Ash 

Fly ash particles are composed primarily of amorphous 
glass. Watt and Thorne (1965) estimated the glass content 
of British fly ashes to range between 71% and 80%. Similar 
estimates have been made for United States fly ashes (Hulett 
étogal. £4979). The glass content of particles tends to 
increase with decreasing particle size (Torrey 197806 
Crystalline mineral species occurring either dispersed 
within the matrix of amorphous glass particles or as 
discrete particles comprise the remainder of the ash. A 
variety of crystalline species have been reported; however, 


only a few are observed consistently. 


Quartz 

The crystalline mineral most commonly found in fly ash 
bsiasquartz (a7Si02)«\«Quantitdes;srange, fromysi0« to 96.5% 
(Simons and Jeffery 1960). It is generally thought that the 
quartz in fly ash is derived directly from quartz inclusions 
in the parent coals. The melting point of a-quartz (1387°C) 
and its phase transition point to B-quartz (573°C) are well 
within the operational temperature range of most 
boiler-furnaces. Small quartz particles in the parent coals 


seem to undergo fusion since only large discrete mineral 
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grains (>50um) are commonly observed in fly ash. Larger 
Quartz grains exhibit partial fusion of sharp edges. 
Residence time in the furnace, particularly in the high 
temperature zone, iS apparently not sufficient enough to 
produce total fusion of the larger particles (Raask 1969). 
Phase transformations of e-quartz may OGCUE in the 
boiler-furnace but are not apparent since f-quartz or the 
high temperature polymorphs, crystobolite and tridymite, 
have not been observed in fly ash. Hulett and Weinberger 
mosey toundllquartzumexhibitingstas coraiclikem morphology 
inside some spherical fly ash particles. The external glass 
had been removed with 1% HF. Recrystallization of the 
quartz was not ruled out ‘fewhe’s case because traces (2%) of 


Al were detected in the material. 


Mullite 

Mullite (3A12,03;-:2Si02) is also a commonly reported 
mineral species in fly ash. Simons and Jeffery (1960) 
determined, by X-ray diffraction methods, the amount of 
mullite in most British ashes to be in the range of 9% to 
35% while eastern United States ashes of similar composition 
contained a maximum of only 16% mullite. Mullite does not 
pecurhmaturadily inocoal baits @presence!/ Pin) »ilyubash eusala 
result of crystallization during rapid eooling acer 
aluminosilicate melts (Hansen et al. 1981). 

Fisher and co-workers (1978) observed "quench crystals" 
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transparent spherical particles. Hulett and co-workers 
(1979) later found mullite crystals located within the glass 
matrix of most solid spherical fly ash particle as a network 
of interlaced acicular crystals. These crystal networks 
were found to retain the overall shape of the original fly 
ash spheres after the surrounding amorphous glassy material 
was selectively dissolved with a 1% HF solution. Mullite 
crystals displaying a chunky crystal habit were also 
observed in some etched particles (Hulett et al. 1979). The 
amount of mullite found in the ashes ranged from 28% to 41% 
by weight of the spherical ash particles (Hulett et al. 
1980 Hulett and Weinberger 1980). Mullite therefore 


constitutes a significant fraction of most fly ashes. 


Magnetic Spinels 

A third mineral species commonly mentioned among the 
Grystalline itsuitesmifound!. in. Ely ftashesitirs: amtiron-rich 
Spinel. Spinels in fly ash generally take the form of 
discrete black opaque spheres that are ferromagnetic in 
Native n jarid ey iel divexoray td nef ractyon patterns commonly 
identified as magnetite (Fe3;0,). The occurrence of spinel 
in fly ash seems highly correlated with the pyrite content 
Ghmetheatparentelcoals (bautie evileal 24.1982) Aneulett tet cal. 
(1979) found approximately 10% hematite (a-Fe20;) and 
smaller amounts of another unidentified mineral, most likely 
maghemite (y-Fe2,03;) as reported by Hansen et al. (1981), in 


the magnetically separated fractions of an iron-rich fly 
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ash. This magnetically separable material was further found 
boieibejutha ghiy| » substadtutedsirin: Adlyec with an approximate 
composition of Fe,z.3,Alo.70,4 corresponding more closely to 
the composition of a ferrite than magnetite. Lattice 
constants for the particles were also _ found to closely 
resemble ferrite (Hulett et al. 1979). Lauf and co-workers 
(1982) used the term "ferrosphere" to describe magnetically 
separable fly ash particles; however, the term has _ not 


gained wide acceptance. 


Other Crystalline Species 

Mullite, a-quartz and spinel are the crystalline 
minerals most commonly reported in almost all fly ashes. 
Identification is achieved mostly by X-ray diffraction of 
bulk ash samples. Spinels are only observed in bulk samples 
containing extremely high Fe contents. Low Fe samples 
require prior separation of ferromagnetics' before the 
Spinels can be detected by X-ray diffraction. Hematite and 
maghemite are reported consistently only in Samples 
containing large quantities of spinels. 

Simons and Jeffery (1960) reported the presence of 
minor amounts of gypsum (CaS0O,-2H20), anhydrite (CaSO,), 
lime (CaO), dicalcium ferrite (2CaO-Fe20;), anatase (Ti0O,), 
and y-alumina (y-Al203;) in fly ashes. Mattigod (1982) 
recently identified discrete zircon (ZrSi0O,) and lime (CaO) 
particles in the heavy mineral fraction of a fly ash. 


Occurrence of these and other miscellaneous mineral species 
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appear to be limited to individual ashes or they may 
constitute only extremely minor fractions of most ashes and 


cannot be detected by X-ray diffraction methods. 


Coal Fragments 

One of the components of fly ash often overlooked is 
unburme coal. Combustion of all the carbonaceous material 
in coal 1s seldom achieved. Incomplete combustion results 
in the inclusion of carbon fragments as part of the ash. A 
Slight increase in fly ash carbon content tends to darken 
thei Coverallercolourn «cfiocthe «cash ‘althoughtthe total carbon 
content does not usually exceed a few percent (Torrey 1978). 
Most unburnt coal particles are found in the larger size 
fractions (10 to 300um) and appear mostly as miniature coal 
particles or low density sponge-like or lace-like fragments 


(White 1977b). 
E. The Chemistry of Fly Ash 


Bulk Chemistry 

Fly ash contains quantities of every naturally 
occurring element. The components constituting the bulk 
(>90%) of most fly ashes are the oxides of Si, Al, Fe, and 
Ca. The oxides of Mg, K, Na, Ti, and in some cases S, 
constitute minor components. All other elements occur in 
trace quantities (parts per million) and together rarely 


exceed one percent of the bulk ash (Natusch et al. 1975; 
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Torrey 1978). 

The concentration of major and minor elements in fly 
aoh W(0O,aSd, Al, fFe} CajhMg,tNa,tKjOTI;,¢S) arequsualdyeciose 
to, crustal.abundances (Block»sand» Damse”1975a). SHOsr and 
Al,03; make up the largest fraction (>50%) of most ashes. 
Si02 generally exceeds Al203 in quantity. The Al:Si_ ratio 
of the bulk ash usually reflects the composition of the 
prominent clay mineral in the source coal. Fe203; and Cao 
usually occur in lower concentrations than SiOz and Al,0;3, 
but in some cases Fe203 will exceed A120; contents. Tron 
and Ca are generally associated with the chemical reactivity 
of fly ashes (Theis and Wirth 1977). Ash derived from 
subbituminous and lignite coals generally contain larger 
quantities of Ca and related alkali and alkaline earth 
elements and are alkaline in reaction while ashes derived 
from bituminous coals are richer in Fe and associated metals 
and semimetals and are acidic in reaction. 

Unlike the major components, the content of trace 
elements in fly ash are substantially enriched with respect 
to crustal abundances. The main reason for enrichment is 
that coal itself is usually enriched in a large number of 
trace elements (Kronberg et al. 1981). Of the elements that 
normally occur in trace levels in terrestrial material the 
most abundant in fly ash are Ba and Sr. Concentrations of 
these two elements in many cases exceed 0.1% of the bulk 
ash. Concentrations of >100ug:g°' are often obtained for B, 
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Ni, Pb, Sc, Se, Sm, Sn, Th, and Zn are usually present in 
ene tuOsh0OO0ugege'’ nangenand Br, €de CsaakenHifcl, bariSbereta,; 
Umaiwer and a¥b falliwithinathe iz i0ugugitarangesssLevelspof 
Au, Hg, In, and Lu do not commonly exceed tug:g™' (Furr et 


ahecdOa7>. 


Elemental Distribution 

The major and minor elements in fly ash are 
heterogeneously distributed among the particles. Many 
elements are preferentially concentrated in some particles; 
for example Fe in ferromagnetic particles (Hayes et al. 
1978; Smith 1980). Chemical heterogeneity is derived mainly 
from the differences in compositions of the individual 
minerals forming the ash particles (Smith 1980). 
Heterogeneity also exists within - individual fly ash 
particles. For example much of the Al203 may be located 
within the mullite (3Al1,03;:2Si0,) crystals contained within 
most spherical ash particles. Incongruent crystallization 
of the mullite within the molten ash droplets leaves’ the 
ghtassy matrix .AlZO37poorsanduSiOpirich: (Hulett eteal., 1979). 

It has also been determined that many elements, 
particularly volatile trace elements, are preferentially 
enriched in small fly ash particles. Davidsony .et al. 
(1974) found particles in the range of 1.1 to 2.1um diameter 
to be preferentially enriched by a number of orders of 
Magnitude over >54um diameter particles in As, Cd, Cr, Ni, 


Pb, Sb, Se, Tl, and Zn. High temperature volatilization and 
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either condensation or sorption onto entrained particle 
surfaces were outlined as the reason for enrichment. 
Smaller fly ash particles have larger surface areas per unit 
mass than larger particles. The smaller particle fractions 
therefore contain a greater quantity of volatilized 
constituents, assuming even distribution on all particle 
surfaces during condensation. 

Several observations have supported and/or developed on 
the volatilization-condensation theory of Davidson et al. 
(1974). Many authors have also observed concentration 
dependence on particle size (e.g. Natusch and Wallace 1974; 
Kaakinlen et al. 1975: Klein et al. 1975; Lee et al. 1975; 
Schwitzgerbel et al. 1975; Block and Dams 1976; Gladney 
1976; Coles et al. 1978). Special surface characterization 
techniques have determined that a number of elements (Be, 
Ga. Cr, “K,48Nay. PHYTS? VeCandOZn) Careseénriched Son fly ash 
particle surfaces (Linton et al. 1976; Linton et al. 1977). 
Natusch et al. (1975) estimated the surface enrichment 
layer on most particles to be approximately 10008 thick. 
Smith et al. (1979a) speculated that some extremely small 
(<O.1um) fly ash particles may even be composed exclusively 
of volatilized elements. Formation of these minute 
Particles is believed due to homogeneous nucleation and 
condensation of volatilized elements from the gas stream as 
Supersaturation levels are reached with respect to 
temperature during cooling (Markowski et al. 1980; Quann et 
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The elements most frequently reported as being surface 
enriched and to exhibit decreasing particle size 
concentration dependence are As, Cd, Pb, Sb, Se, Th, and Zn. 
These elements or their eoreeune all have boiling points of 
—e00 TC’ (Natuschtetualwsi975).4 Sarofim et al... (1977) found 
thats. Upjutonse4% (of) .thee.total ¢eSiws,ingilysashemaynalsasbe 
yolatilized, possibly through the formation of volatile 
Silicon monoxide (SiO) from Si-C reactions. All elements 
exhibit some degree of volatilization during coal 
combustion; the extent is determined by the physiochemical 
properties of the elements and/or the compounds in_ which 
they occur in the coal (Kaakinen et al. 1975). 

The distribution of elements in fly ash in relation to 
volatilization can be classified into four categories: 

1. Elements that are extremely volatile and to a 
large degree do not condense onto fly ash 
particle surfaces at flue gas temperatures. 

These include the elements Hg and Se of which approximately 
10% and 50% respectively of the total in the parent coal 
become associated with the fly ash. The remainders are 
emitted as vapours (Billings and Matson 1972; Billings et 
aioe 1972+ eAndren.eteals 1975% Kalb.1975>,Anderson.and «Smith 
LOZ). 

2. Elements that are easily volatilized, but 
condense on particle surfaces, and are highly 
enriched in fine particle fractions. 
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CRPEFA* Pele tal.” 1975;CPNatusSehtetmalyY 1975? ’Kaakinin ettalry 
1975). 

3. Elements that are only partially volatilized and 
are located both within the ash matrix and on 
particle surfaces. 

These elements include Ca, Cr, K, Mg, Na, Ni, Sc, U, and V 
(Rleintet als'1975) ; 

4, Non-volatile refractory elements located mostly 
within the matrix of fly ash particles. 

These elements include Al, Ce, Co, Fe, Hf, La, Mn, and Si 
(Natusch et al. 1975; Abel and Rancitelli 1975: Hansen and 
Fisher 1980). 

A few investigators have suggested that 
volatilization/condensation is not the only means of surface 
enrichment. Stinespring and Stewart (1981) indicated that 
elemental segregation of elements within particle melts also 
contribute to surface predominance. Hulett et al. (1979) 
demonstrated how the presence of mullite crystals within 
spherical particles indicate some degree of element mobility 
within the melt. Elemental migration within the melt to 
particle surfaces would be driven by the decrease in surface 
free energy associated with excess surface solutes as 
predicted by Gibb's adsorption isotherm (Hulett and 
Weinberger 1980). 

Other minor types of concentration segregation involve 
isomorphous substitution. Various degrees of isomorphous 


substitution of a number of metals into the structures of 
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magnetic spinels have been reported by various investigators 
(Abel and Rancitelli 1975; Hulett et al. 1980; Hansen et al. 
iPOGtetGauteects alhichos2i« Hulett) letoraide (1 99719) £ icf ound 
evidence for enrichment of +3 and +4 valence elements such 
aster} Gag Pepavtig V7 “and?zraanimullite by substitution for 
Al and Si as well as enrichment of Co, Cr, Cu, Mn, Ni, and 


zn in the spinel structure. 


Dissolution Characteristics 

Only a small fraction (4-7%) of fly ash is dissolved 
eaSily (Rohrman 1971). Aqueous extracts of fly ash are 
usually extremely alkaline (pH>12.0) and highly saline 
(EC=8-12mmho/em) (Townsend and Hodgson 1973; Page et al. 
1979). The majority of the soluble constituents tend to be 
released during initial dissolution stages. 

The initial dissolution stages of fly ash are 
characterized by the release of high concentrations of 
soluble salts. Shannon and Fine (1974) found Ca and Na _ to 
constitute the mass of the soluble material (>80%) released 
from fly ash derived from lignite. Smaller amounts of kK, 
Mg, Fe, Al, and Si are released from most fly ashes (Talbot 
etsealaund97s)k Generally,onCa’*? Vand? OH) ware’ “initially 
responsible for most of the salinity and the extreme 
alkadinitve Diydrolysis!of CaO produces the’ °Ca“* and OH™. 
Concentrations are maintained near saturation with respect 
fonCal(OH )GetTalboti ettial.' 1978) .e5 Moderate amounts of Na»and 


K are also usually dissolved but solution concentrations are 
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not maintained as dilutions increase (Elseewi et al. 1980). 
Initial Na and K dissolution is mainly due to. surface 
Sulfate salts which are not usually present in sufficient 
quantities to maintain concentrations near saturation levels 
(Green and Manahan 1978; Dudas 1981). 

Theis and Wirth (1977) found that the initial pH of 
hydrated fly ash was determined by the relative amounts of 
lime (CaO) and amorphous iron oxides found on the surfaces 
GEmpilytiash particles: A 3:1 ratio Fe:Ca determined the 
boundry aS to acid-base reaction. Ashes high in iron 
produced acidic hydrolysis reactions, while high Ca ashes 
produced alkaline reactions. Most ashes tended to be 
alkaline in nature. 

The dissolution of alkaline fly ash constituents 
increases substantially with acidification. Three or four 
buffer zones can be observed as acidification proceeds. An 
initial buffer zone is usually observed above pH 10.5 for 
fly ashes with very high calcium contents (Green and Manahan 
1978; Hodgson et al. 1982). It is generally agreed that the 
buffering in this zone iS primarily due to the hydrolysis of 
CaO. Smaller amounts of Ca, Na, and K sulfates are usually 
also found to be dissolve along with the CaO (Green and 
Manahan~ 1978). Hodgson et al. (1982) observed a second 
buffer zone between pH 9.2 and 8.5, and contributed it to Mg 
hydrolysis. Green and Manahan (1978) observed a similar 
zone but credited it to the dissolution of less_ soluble 
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and sometimes a fourth buffer zone both occurring below pH 
4.2 are also frequently observed after the dissolution and 
removal of alkaline salts. These zones are mainly 
attributed to the dissolution of various Al compounds 
located in the glass matrix and/or partial dissolution of an 
iron phase (Green and Manahan 1978; Hodgson et al. 1982). 
The release of most elements from fly ash during 
dissolution cannot be predicted on the basis of bulk ash 
composition. Prediction is not reliable because of 
variation in the distribution of the elements among soluble 
and sparingly soluble fractions. Shannon and Fine (1974) 
found most (80-90%) of the soluble Na but only 31-36% of the 
soluble Ca in lignite fly ash was released during initial 
dissolution stages. High initial release of many trace 
elements have also been observed (Dreesen et al. 1977; Phung 
et al. 1979; Harris and Silberman 1983). Kopsick and Angino 
(1981) observed three distinct patterns of release for fly 
ash constituents with leaching; namely: (1) a pattern of 
large initial release followed by the concentration 
levelling off to a constant release rate, (2) constant 
(steady state) release and (3) delayed release. Most 
elements followed the first release pattern indicating 


association with at least two distinct solubility phases. 


Residue Characteristics 
The dissolution and removal of the highly soluble fly 
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composition and characteristics compared to unreacted ash. 
Heterogeneous distribution of elemental constituents between 
soluble and sparingly soluble phases primarily account for 
preferential enrichment and depletion of given elements in 
the residue. After leaching for two years with distilled 
water and lowering the leachate pH values of an alkaline fly 
ash to approximately 8.0, Dudas (1981) found Ca, B, Sr, and 
V to be preferentially removed resulting in negative 
enrichment of elements such as Al, Ba, Fe, K, Na, Mn, Pb, 
and Zn in the ash residue. Hansen and Fisher (1980) found 
more than 70% of Ti, Na, K, Mg, Th, and Fe in fly ash to be 
associated with the acid insoluble SVunsne sera eat matrix 


while@mnore thanud0%,. ofothedCay ScresSre obabyvGdNit i oandantare 


earths were soluble. The characteristics of the less 
Soluble residue are also ae function of heterogeneous 
elemental distribution. Tatbotenet al. a41978) foundafdy 


ash, which had been equilibrated as a slurry, to display 
amphoteric properties and a pH dependent charge over the pH 
rapgeotsOrtod 1220. The isoelectric pH value was 7.55. 
Hydration of Fe and Al oxides and Al substitution for Si in 
the silicate matrix were suggested as determinant factors in 
controlling surface characteristics of the residue. 

Leached or hydrated fly ash exhibits some pozzolanic 
and cementitious properties dependent on its chemistry. Fly 
ash is a pozzolan. It has little cementitious value itself 
but, in the presence of moisture, will chemically react with 


Ca(OH), to form compounds possessing cementitious properties 
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(Berry and Malhotra 1980). The pozzolanic properties of fly 
ash tend to increase proportional to SiOz or SiO, + Al,0; 
contents (Thorne and Watt 1965). Some fly ashes display 
some weak self-hardening properties. Alberta fly ashes 
generally exhibit a small degree of self cementation and 
hardening on exposure to moisture and subsequent drying 
(Joshi 1981). Cope (1962) and Townsend and Gillham (1975) 
observed horizontal cemented layers in large fly ash 
deposits which restricted vertical, but not horizontal 
movement of water. Self-hardening is likely due to the 
pozzolanic reactions of Ca(OH)2, produced on hydrolysis of 
CaO, with aluminosilicate components of the ash. 

Other products, formed as a result of hydration and/or 
leaching of fly ash, appear to be similar to some hydration 
products found in cement. Bttringite ((CagAl(S0, )5+32H20) 
forms in cement in the presence of soluble sulfate, 
Saturated with respect to gypsum (CaSO,) (Mindess and Young 
1981). Needle-like crystals, identified as ettringite, have 
been observed in hydrated fly ash (Joshi 1981). Other 
needle-like acicular crystals, observed in fly ash taken 
from a non-operational power plant, have been identified as 
gypsum or anhydrite (Fisher et al. 1976; Fisher et al. 
1978). In the presence of low sulfate contents, irregular 
platy crystals or rosette clusters of calcium sulfoaluminate 
hydrate (no known mineral name) (Ca,Al(SO,):-12H20) tend to 
develop in place of ettringite in cement pastes (Mindess and 


Young 1981). Crystals of similar platy structure were noted 
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in the leached fly ash» of= Dudas» »(1981); however such 
crystals also resemble amorphous Si (Blatt et al. 1980) and 
gypsum displaying a platy morphology. CaCO; might also form 
as a precipitate in hydrated fly ash due to the reaction of 
dissolved Ca with atmospheric COz which is readily adsorbed 
by alkaline solutions (Talbot et al. 1979; Elseewi et al. 


1980; Dudas 1981). 
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III. METHODS AND MATERIALS 


A. Sample Selection 

Two Alberta produced fly ashes derived from Alberta 
coal were selected from a number of available samples. 
Selection was based on preliminary scanning electron and 
light microscope observations. The two selected fly ash 
Samples contained spherical shaped particles typical of 
those described in most fly ash studies. The second 
criterion for selection was dissimilarity in the chemical 
compositions of the two ashes. The two samples’ selected 
were not drastically dissimilar in chemical composition but 
they do represent the extremities of the range in chemical 
compositions of fly ashes produced in Alberta. Both ashes 
were alkaline in reaction. 

One of the selected samples was taken from Alberta 
Power's Battle River power plant located near Forestburg 
Alberta. This fly ash was derived from coal of the 
Forestburg Deposit of the Battle River coal field. The coal 
was formed in Upper Cretaceous sediments, is Subbituminous-C 
in rank, and contains approximately 7.0% ash and 0.4% sulfur 
(ERCB 1980). This ash sample exhibited the highest iron 
content of all the ashes available while containing 
relatively low calcium levels. This sample will be referred 
to as the Forestburg ash. 

The other selected sample originated from Transalta 


Utilities' Highvale Mine power plant. This mine is’ located 
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On / £he Sonenebn Shore of Lake Wabamun, approximately 50km 
due west of Edmonton Alberta. The coal used in this utility 
is mined from the Sundance deposit of the Wabamun coal 
pela. Thee eoales icorsubbtrtuminus=B" anngranks°ctormeds an 
Tertiary and Upper Cretaceous sediments and contains 
approximately 13.6% ash and 0.2% sulfur (ERCB 1980). The 
sample contained the highest calcium level of all the 
available samples and a relatively low iron content. This 
Sample will be referred to as the Sundance ash. 
Approximately 4kg of each fly ash was required for the 
study. One large bulk sample was taken from each respective 
power plant. Samples were taken directly from the 
electrostatic precipitator hoppers during normal plant 


operation, homogenized, and stored ina dry state until use. 
B. Artificial Leaching 


Leaching Column Construction 

A total of thirty identical columns were constructed to 
contain @the ‘fily’Gash’ during leaching. Columns were 
constructed entirely of transparent plexiglass to facilitate 
easy observation of the contents. 

The leaching columns’ consisted of three parts: body, 
base, and drainage spout. The body consisted of a 2icm 
length of 7.7cm outside diameter plexiglass tubing. The 
tubes had a wall thickness of approximately 0.3cm. The 


inside diameter of the tubes were found to vary from 6.7cm 
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to 7.0cm. The base of the columns consisted of 10cm square, 
0.5cm thick plexiglass plates. Holes of diameter 1.27cm 
were drilled in the centre of each plate for drainage 
Spouus, Ete rspowts econsisted tof #3 ASem #ldnd fp -Ta28emdeouts ide 
diameter, 1.25cm inside diameter pieces of plexiglass tubing 
Sanded to fit the drainage hole. 

Columns were assembled using 2,2-dichloroethane to bond 
the plexiglass pieces together with water tight seals. With 
the drainage holes centred the bases were secured to one end 
of the tubular bodies. SpoutsS waS inserted into the 


drainage holes extruding from the bottoms of the assemblies. 


Column Packing 

A series of five plexiglass leaching columns packed 
with increasing amounts of fly ash served as the basic 
experimental unit. The first column in the series was 
packed with 50.0g of fly ash. Each succeeding column in the 
Series received 25.0g more ash than the previous column so 
fiat colunins fone sthroughGfive ccontainedt50x0 pl 7550 P%1100 20} 
t25 e0:, MearTidi®.150R0g sioh* fly peashiprrespectively. *oPriplrcate 
Series were set up for each fly ash sample for each leaching 
regime. 

All columns were packed in the same manner. The bottom 
of each column was first lined with two successive layers of 
glass wool to retain the ash. The appropriate mass of fly 
ash was placed on top of the glass wool using a funnel to 


facilitate even distribution. The top of each fly ash core 
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was covered with a circular piece of 11.0cm diameter filter 
paper. Filter papers were crimped to cover the top of the 
ash cores and extend up the inside wall of the columns. 
Filter papers were held in place with 3.5cm wide, 6.4cm 
outside diameter, Secem inside diameter transparent 
plexiglass rings. The filter paper coverings served to 
minimize surface disturbances of the ash cores during 
solution addition. The top of each column was covered with 
a 9.0cm diameter plastic petridish lid to minimize 
contamination of the ash cores with atmospheric particulates 
or other contaminants. The ash packed columns were then set 
on top of 600mL Nalgene beakers used to contain the leaching 


solutions. 


Leaching 

Two acid solutions were employed to leach the fly ash 
Samples. Each type of acid solution was used to leach both 
fly ash samples during two separate leaching experiments. 
Both experiments extended for a period of approximately 
three months. The first experiment involved the use of 
0.005 M H2SO, as the leaching solution. The second involved 
the use of an aqueous-organic solution (AASA_ solution) 
eentainingeueOs0lveM cacebic acide (CHsCOOH)neandsi10%002 oM 
salicylic acid (2-Hydroxybenzoic acid). ThepernitialwapH 
values of the H2S0, and AASA solutions were 2.1 and 3.0, 
respectively. Both solutions were made from reagent grade 


chemicals and distilled water. 
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The five prepared columns in each series were leached 
in sequential order with consecutive increments of leaching 
solution. Leaching of a series began by adding a solution 
PicrenenoMoroONMEMret ore thererrret "(50 .0g) column "in the 
series. Channeling of solutions within the cores was 
minimized by gently rapping the columns while the ash _ was 
wetting up. After all of the solution had leached through 
the 50.0g core a 50.0mL aliquot was removed from the Nalgene 
collection beaker for analysis. The remainder of the 
increment (450mL) was added to the second (75.0g) column in 
the series and a second 500mL increment of solution would 
then be added to the first column. Each increment of 
solution waS passed sequentially through each of the five 
columns of the series and a 50.0mL aliquot removed after it 
had passed through each column. 

Solutions percolated through the columns at ae rate 
governed by the hydraulic conductivity of the individual ash 
cores. Initially the solutions passed through all columns 
within 24hr but after approximately 15 increment additions 
48hr were required. Transfer of solutions from one column 
to the next was not begun until all solutions in all columns 
had entirely leached through. By increasing the quantity of 
ash in sucessive columns while decreasing volumes of 
solution passing through each, the number of pore volumes 
generated per leaching increment per column decreased 
exponentially (Table 1). The degree of weathering achieved 


by the ash was therefore highest in the first column, 
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Table 1. Quantity and core thickness of fly ash, volume of leaching 
solution, and corresponding number of pore volumes 
generated per increment addition for each leaching column. 


Quantity Ash Core Volume of Pore Volumes 
Column # of Ash Thickness Increment per Addition 
g mm me 
1 SO). WS) 500 14.8 
2 15,0 AS} 450 8.8 
3 100.0 28 400 7 
4 12 SO 35 350 4.9 
iS: 150.0 40 300 ot 7 


exponentially decreasing in a stepwise fashion to a minimal 
degree of weathering in the fifth column. 

Leaching waS terminated in each experiment when the 
widest diversity in leachate pH measurements was obtained 
among the five columns of a series. Leaching with 0.005 M 
H2SO, required a total of 52 increment additions to obtain 
the widest diversity in leachate pH values for both ashes. 
The Sundance ash required 47 solution increment additions, 
when leached with the AASA solution, while the Forestburg 


ash required only 38 additions. 


Leachate Analysis 

Aliquots of the leachate solutions were immediately 
monitored For. ‘ph and concentration “of ~elight cationic 
constituents. The pH was determined to the nearest 0.05 pH 
unit for every aliquot taken. Concentrations of Ca, Na, Mg, 


K, Mn, Fe, Al, and Si were directly determined in the 
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leachate solutions by flame atomic | absorption 
Spectrophotometry. Concentrations were determined for every 
aliquot taken from each of the first eight to twelve 
increments for columns five to one, respectively, and for 
every second or third aliquot taken from the remainder of 


the increments. 


C. Sectioning of the Core Residues 

Immediately after the last leachate increment passed 
through the ash cores the entire column assembliesS were 
placed in a freezer. After 48hr the columns were removed 
and the ash cores quickly thawed around the _ edges. The 
intact frozen cores, including filter paper and glass wool, 
were forced out of the columns with compressed air. The 
cores were then oven-dried for 48hr at 60°C and retained for 
sectioning. 

The oven-dried cores were sectioned horizontally on a 
somewhat arbitrary basis. The ash cores from the first 
columns were divided into three layers designated 
"Surface","middle" and "bottom" core sections. The surface 
core section consisted of a very thin (75mm) layer of the 
ash from the top of the core located immediately below the 
filter paper covering. The remainder of the first ash core 
was split evenly between the two remaining core sections 
(middle and bottom). 

The remaining column cores were sectioned essentially 


in the same manner as the first except for the inclusion of 
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a fourth layer designated "Subsurface" (Table 2). The extra 
core section was added because of the increased size of the 
cores. A fifth layer, designated "base", was also added in 
the case of column five, tagain due’ to the ‘increased core 
size. 

In addition to the above-mentioned layers, samples were 
also taken of materials precipitated onto the surfaces of 
the covering filter paper (designated "Surface precipitate") 
and of the surface edges next to the plastic where some 
mixing of precipitates and ash samples occurred (designated 


"surface-edges") (Table 2). 


D. Analysis of the Core Sections 


Total Chemical Analysis 

All triplicate core section samples, surface-edge 
Samples, and surface precipitate samples were mixed into 
composite samples. Chemical composition was determined for 
all composite core section and surface-edge samples. The 
quantities of surface precipitate samples were not great 
enough to allow destructive analysis. Triplicate aliquots 
of the unleached ash samples and single aliquots from each 
composite core section and surface-edge samples were 
dissolved in concentrated HF and HCl according to the 
procedure of Pawluk (1967). All digests were analysed for 
Pipecave Mor Nave, he; Mn, Cry hD, EN, Co, «Cu, (Bay and Sn aby 


flame atomic absorption spectrophotometry. 
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X-Ray Diffraction 

X-ray diffractograms were obtained for both unleached 
Samples and their ferromagnetic fractions, all composite 
core section samples, surface-edge samples and _ surface 
precipitate samples. Diffractograms were obtained using a 
Philips diffractometer equipped with a LiF curved crystal 
monochrometer using CukKa radiation generated at 40kV and 
20mA. Samples were scanned aS random powders at ambient 
temperature and humidity (710% RH) at a scanning rate of 
1°26 per minute. Samples were scanned from 4°28 to 30°26 
using a 1° divergence slit and from 20°26 to 72°28 using a 


4° divergence slit. 


Differential Thermal Analysis 

Differential thermal analysis (DTA) patterns were 
obtained for 43 selected composite samples. Patterns were 
obtained on a Perkin-Elmer Model 1700 differential thermal 
analyzer coupled with a Perkin-Elmer’ system 7/4 thermal 
analysis controller. Samples were equilibrated for at least 
12hr at 54% RH then mixed in approximately a 1:1 ratio v/v 
with Al,O; and heated at a rate of 15° per minute from near 
ambient temperature to 1050°C in an atmosphere of N2 gas. 
Differential thermal grade Al203; was used as the reference 


material. 
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Electron Microscopy 

Scanning electron micrographs of unleached, selected 
leached, and unleached etched samples were obtained ona 
Cambridge Steroscan 250 scanning electron microscope. The 
instrument was coupled with a Kevex 7000 energy dispersive 
X-ray analyzer to aid in the identification of components. 
Unleached etched fly ash samples were prepared by the 
procedure outlined by Hulett et al. (1979). 

Transmission electron micrographs were obtained for one 
Sample suspected of containing aluminosilicate material of 
short-range order. Five mg of the sample were suspended in 
approximately 10mL H20 and sonified at 375W for about 2 
minutes. A drop of the suspension was placed on a 200 mesh 
copper microgrid coated with Formvar and dried at 60°C for 
30 minutes to evaporate the excess water. Micrographs of 


the sample were obtained at an accelerating voltage of 80kV. 


Infrared Analysis 

Fifteen composite samples were selected for infrared 
analysis. Samples were equilibrated at 54% RH for at least 
48hr, mixed with oven-dried infrared grade KBr at a ratio of 
approximately 1%, and pressed into transparent discs. 
Infrared patterns were produced as % transmittance vs 
wavenumbers (cm-~'). Samples were scanned over the range of 
4000cm-' to 200cm-' at a rate of approximately 2 minutes per 
scan. After the initial fifteen patterns were obtained one 


disc of exceptional interest was heated at 350°C for 4hr, 
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repressed, and a second pattern obtained. 


Extractions 

Composite core section samples and surface-edge samples 
were extracted with citrate-bicarbonate-dithionite (CBD) 
solution. A second set of the same samples were extracted 
with acid ammonium oxalate (AAO) (McKeague 1978). All 
extracts were analysed for Fe, Mn, Al, and Si by flame 


atomic absorption spectrophotometry. 


Total Inorganic Carbon 

Total inorganic carbon content was determined for 
duplicate samples of composite mixtures of each core section 
and surface-edge sample according to the procedure of Bundy 


and Bremner (1972) 


E. Ferromagnetic Particle Analysis 


Ferromagnetic Separation 

Ferromagnetic particles were separated from the 
unleached fly ash samples uSing a wet separation method. 
For both unweathered ashes four replicate samples of 100.00g 
each were weighed into 600mL beakers. Distilled water was 
added at a water to fly ash ratio of approximately 4:1. A 
large teflon coated magnetic stirring bar was introduced and 
the slurries stirred at high speed on a magnetic stirring 


device for a period of over two minutes. 
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Beakers were then removed from the stirrer and the 
suspension allowed to settle. The stirring bar was 
retrieved and particles adhering to it were washed off into 
a clean beaker. After removal of all adhering particles the 
bar was then reintroduced into the ash suspension and 
Subsequently retrieved an additional nine times. 

After completion of the bar retrieval process the 
collected particles were washed to remove any nonmagnetic 
particles incidentally retrieved with the stirring bar. 
This was accomplished by holding a strong magnet to the 
outSide of the bottom of the beaker containing the retrieved 
particles and washing the sample free of all particles not 
strongly held to the beaker bottom. After all weakly held 
particles were removed the strongly held particles were 
released and retained in another beaker. The washing 
process wasS repeated on the removed fraction until only 
insignificant quantities of particles were held in the 
washing beaker. The strongly ferromagnetic particles were 
then oven-dried at 105°C and weighed to determine the 


content of ferromagnetic particles. 


Chemical Analysis 

Chemical composition of the ferromagnetic fraction was 
determined by sample dissolution. Aliquots were taken from 
each homogenized oven-dried separated fraction and ground to 
a very fine powder. From each ground aliquot, 0.250g was 


weighed in a crucible and fired in a muffle furnace at 800°C 
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for Shr. After cooling samples were quantitatively 
transferred into 100mL teflon beakers. Solutions were 
evaporated to dryness at 80°C after each of three additions 
of 15mL concentrated HCl. After the third evaporation, 10mL 
concentrated HCl, 5mL concentrated HNO;, and 5 drops HF were 
added and the beaker contents again evaporated to dryness. 
A final addition of 10mL concentrated HCl was made to ensure 
removal of any excess HF. The dried residues were then 
dissolved in 6mL concentrated HCl and 25mL H:0 and heated at 
80°C for 4hr. The remaining solution was quantitatively 
transferred into a 50mL volumetric flask and made up to 
volume with distilled H,0. All digests were analysed for 
Re, [en lGoimMeys Mn, ,2@Co,SeCrenccu, Nijeca, KyfandeNa’® by>tilame 


atomic absorption spectrophotometry. 
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IV. RESULTS AND DISCUSSION 


The fly ash cores of each leaching series can be 
considered analogous to two kinds of weathering profiles or 
weathering gradients. Bach five-core sequence can be 
regarded as a single unit consisting of five overlying, 
although not necessarily adjacent, "horizons" similar to a 
soil or geologic profile. Solutions percolating downwards 
through a core sequence (columns one through five) dissolved 
and leached constituents from the uppermost cores. 
Constituents translocated with the solutions subsequently 
interacted with the solid phases of ash materials in the 
latter columns of each sequence. Hence, the upper column 
cores (columns one and two) might be considered eluvial 
cores, while the lower cores (columns three, four, and five) 
might be considered illuvial. 

Each individual core might also be considered as a 
Single "profile" in itself. Solutions percolating through 
each core within a sequence would not only transport 
materials from one ash core to the next but also translocate 
materials within daich individual core. Hence, the tops of 
each ash core would be considered eluvial and the bottoms 
illuvial. Both intercore and intracore translocation will 


be discussed in subsequent sections. 
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A. Leachate Chemistry 

The two acid leaching solutions, 0.005 M H2S0O, and 
AASA, were chosen because of their close resemblances to 
natural weathering solutions. Precipitation is naturally 
acidic having a theoretical pH of 5.6 based on equlibrium 
absorption of atmospheric CO, (Stumm and Morgan 1981). 
Anthropogenic H2,SO, is primarily responsible for additional 
acidity observed in most rainwaters (Cogbill and Likens 
1974). Geologic materials experiencing chemical weathering 
will therefore undergo progressive acidification and in the 
most extreme circumstances the active agent is most likely 
H2SO,. Accordingly, H2SO, was employed in this study. 

The aqueous-organic mixture of acetic and salicylic 
acids (AASA) was designed to simulate the weathering 
conditions imposed by natural organic acids. Both acetic 
acid and salicylic acid have been used in other simulated 
weathering studies (e.g. Huang and Keller 1970; Huang and 
Kiang 19:7 2)% Organic compounds possessing the 
ortho-hydroxybenzoic acid structure of salicylic acid have 
been identified in soil organic matter. These compounds are 
known to form stable complexes with Fe**, Al**, and other 
inorganac 1soul ¢@compohents  @Schnrvtzer®’ andieiSkinner?!) 1965. 
Schnitzer 1969). Acetic acid and salicylic acid therefore 
Simulate the chemistry of soluble soil organic compounds 
that form highly soluble complexes and/or salts with 
inorganic soil constituents (De Coninck 1980). The 


concentrations of both the organic and inorganic leaching 
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solutions were elevated above normal field levels simply to 
speed the weathering process. 

Mean data from the analyses of column leachates were 
plotted against leachate increment using the TEKTRONIX 
PLOT-10 APL GRAPH-II graphing package (Textronix 1977) 
available from the University of Alberta's Computing 
Services. Leachate increment units were employed EO 
facilitate easy comparison of leachate chemistries among 
columns. The generated graphs illustrate the major trends 
in the leachate chemistries of the ashes with increasing 
chemical weathering. Trend lines of pH values and 
concentrations of elements for the column leachates were 
constructed from a series of means calculated from three 
(two in the case of AASA leached Sundance ash) individually 
determined data points. Each trend line represents from 50 
to 156 individually determined data points (Appendix, Tables 
[=36)). 

The pH values of all initial leachates were extremely 
alkaline. Acidification of the ash cores in each column 
series progressed in a stepwise fashion through up to three 
buffer stages as indicated by the leachate pH values 
(Figures 1 & 2). The first ash cores in each series were 
rapidly acidified. The leachate pH values dropped into the 
acid range (below pH 7.0) within the first ten solution 
increment additions. The leachates from the second columns 
remained in the alkaline range for a longer period but also 


eventually dropped into the acid range. Acidiivecationy cot 
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Figure 1. Leachate pH values of the Forestburg (A) 
and Sundance (B) fly ashes leached with 
OVOO05Se¥MSeHsS SO, The numbers one to five 
indicate the respective columns. 
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the second columns required from 2.5 to 7 times the number 
OF increments required to acidify the ash in the 
corresponding first columns. In general the AASA_ solution 
was more efficient at acidifying the ash cores but did not 
produce as abrupt changes in the pH values as did _ the 
mineral acid (cf. Figures 1 & 2). 

Leaching was terminated for each series when the pH 
values of the third column leachates began to drop towards 
neutrality. At termination, leachate pH values for the 
first two columns (1 & 2) in each series were in the acid 
range and values for the last two columns (4 & 5) were in 
the alkaline range. Values for most middle (3) columns were 
also in the alkaline range but nearer neutrality than 
columns four and five. 

The two fly ashes differed slightly in their buffering 
Capacities. Buffering was observed in all columns. Two 
buffer zones common to both ashes and a third zone, unique 
to the Sundance ash, were observed (cf. Figures 1A,2A & 
1Bs2BN@ One Ofacthey, buffersazoness commonlotolybothsa#ashes 
occurred in the alkaline range between pH 8.5 and 9.0. The 
pH values for the other common buffer region were located in 
the acid range. The pH values for the acidic buffer region 
were dependent on the type of leaching solution and _ the 
particular leaching column. In the case of the first 
columns, buffering in the acid region occurred within 1.5 pH 
units above that of the unreacted leaching solutions. In 


the case of the second columns, buffering occurred within 
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one pH unit above that of the first columns. 

The additional buffer zone, generated only by the 
Sundance As occurred in extreme alkaline ranges. During 
initial leaching of the Sundance ash, buffering was observed 
in the alkaline region above pH 12.0 in all columns but the 
Pest. The pH values of the leachates from the second 
columns were maintained above pH 12.0 for the first three 
increment additions. Each subsequent column in the sequence 
required three to four further increment additions over that 
of the respective previous column before the leachate pH 
values decreased from above 12.0. The fifth column in each 
column sequence for the Sundance ash maintained pH values 
above 12.0 for more than twelve increment additions before 
the values dropped to the next buffer level (Figures 1B & 
2B)e 

The patterns of release of Ca from the ash cores 
(Figures 3 & 4) closely followed the respective pH patterns. 
High concentrations of Ca were released from all columns at 
the onset of leaching. The patterns more closely resembled 
the Pernt oak flush release" pattern rather than the 
"constant release" pattern of Kopsick and Angino (1981). 
Concentrations of Ca in the initial leachate increments were 
the highest of all monitored elements. Reduction in the 
concentration of Ca in the leachates corresponded to 
declines in the pH patterns. Concentrations of Ca in the 
initial leachates of the Forestburg fly ash declined almost 


immediately. The levels of Ca in the initial leachates of 
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Figure 3. Concentration of Ca (ug/mL ) in the 
leachates of the Forestburg (A) and 
Sundance (B) fly ashes leached with 0.005 M 
H,SO,. The numbers one to five indicate 
the respective columns. 
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the Sundance ash were maintained briefly, following patterns 
Similar to the pH values for each column, then declined 
concomitant with the drop in pH values. bevels of | Ca 
remained uniform while the pH values were buffered between 
8.5 and 9.0. The overlapping Ca release patterns and pH 
value patterns in alkaline regions Suggested that 
dissolution of Ca-bearing phases in the ash control alkaline 
buffering during initial weathering stages. While column 
leachates of both ashes were buffered between pH 8.5 and 
9.0, the release of Ca decreased slightly with time. The 
concentrations of Ca in the leachates of the AASA_ leached 
columns were approximately 0.5 orders of magnitude above 
those of the 0.005 M HzSO, leached columns (cf. Figures 2 & 
3). The difference the levels of Ca in solution between the 
two leaching regimes is likely related to the formation of 
highly soluble Ca-organic complexes which enhance 
dissolution of Ca in the AASA leaching series. 
Precipitation of Ca-sulfates in the mineral acid leaching 
series could also contribute to the difference. Declines in 
the levels of released Ca lagged after the rapid drop in 
leachate pH values from alkaline to acid ranges. As with 
the pH value patterns, changes in the leachate 
concentrations of Ca were more abrupt with 0.005 M 4H2S0, 
Jeaching than with -AASA leaching (cf. Figures 2 & 3,4)" 
The patterns of dissolution of Mg from the column cores 
were Similar for both ashes and both leaching regimes 


(Figure 5). Magnesium exhibited a delayed release pattern 
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Similar to that observed by Kopsick and Angino (1981). 
Initial leachates from all columns contained very minor or 
undetectable quantities of Mg. Significant release of Mg 
began only after the leachate pH values of a column dropped 
below 10.0 (cf. Figures 5 & 2). A peak in the release of 
Mg was observed only in the leachates of columns one and 
two. The peak concentrations of Mg in the _ leachates 
coincided with the major drop in pH values from alkaline to 
acid ranges. The magnitude of the peak concentration of Mg 
for all acidified columns was approximately the same for 
each ash. The Forestburg ash released higher overall levels 
of Mg (approximately double) compared to the Sundance ash 
(ef. (Figures: 5A & 5B). AASA leaching tended to produce 
patterns with sharper release peaks for Mg than did leaching 
with the mineral acid. Leachate concentrations of Mg tended 
to stabilize at relatively low levels for the duration of 
leaching after passing the concentration maximums. The low 
levels of Mg released from the second columns of each series 
were consistently 50% higher than the levels for. the 
respective first columns. 

The patterns for release of Na and K from the ash 
columns were similar for both ashes and both leaching 
regimes. All patterns displayed two distinct release stages 
(Figures 6 & 7). Concentrations of Na and K were highest in 
the initial leachate increments. Within the first few 
increment additions to all columns, concentrations quickly 


fell to relatively low nearly constant levels which were 
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Figure 6. Concentration (ug/mL) of Na (A) and K (B) 
in the leachates of the Forestburg fly ash 
leached with AASA_ solution. The numbers 
one to five indicate the respective 
columns. 
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Figure 7. Concentration (ug/mL) of Na (A) and K (B) 
in the leachates of the Forestburg fly ash 
leached with 0.005 MH2S0,. The numbers 
one to five indicate the respective 
columns. 
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maintained for the duration of leaching. The’ "MajOricy (Of 
the Na and K released during the latter leaching stages was 
derived primarily from the first columns. The remainder of 
pune @ coPuMns! 1n Gach Selles CcontripDuted oOniy Slight amounts 
of Na and K to the leachate solutions. The greatest 
quantities of K and Na were therefore removed from the first 
column cores of each series. 

The overall concentrations of Na in the leachates were 
approximately ne Hale to a order of magnitude above the 
overall leachate concentrations of K. The type of leaching 
solution did not appear to alter the concentration of Na 
released at the onset of leaching; however, AASA leaching 
enhanced the initial release of K compared to H2S0O, leaching 
ote, Figures 6B & 7B). From leachate increment number 16 
onward the concentrations of both Na and K were enhanced by 


H2SO, leaching, compared to AASA leaching (Table 3). 


Tabie 3. Mean concentrations (ug/mL) of Na and K in leachate increments 
16 to 30 for the first columns of the Forestburg and Sundance 
fly ash leaching series. 


Na K 
Forestburg Sundance Forestburg Sundance 
HAS aC a ek a mm | ea im 
Inc.# AL Se AASA H SO AASA Hi SO AASA in Se AASA 
2.4 2 4 2 4 220A 
16 = Shots! = 320 ZO ORS tis OFF 
Wes aS = 11.4 = = = =e = 
18 = 3.8 = 228 = 0.9 = OFT 
19 = = = = ales) = Wee! = 
20 PRS) 3.8 VS PLS) = 0.9 7 On 
21 = = = - = = = = 
22 = a} = 2d leat ORS 15 0.4 
23 Woe: = 1025 = = = = = 
24 = 3.6 = 1s9 = 0.9 = 0.4 
25 = = = = hee = a4 = 
26 tf 35 10.6 ots} = 0.9 = 0.6 
27 = = = = = - - - 
28 = 326 = P| 0.9 0.9 Lee. 0.4 
29 Ses) = 8.9 = = 3 - - 
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Enhancement of release of Na and K from the ash cores by 
H2S0, leaching versus AASA leaching was observed in all 
columns. 

Dissolution of Alwand Steeccurredimainly in the “first 
two leaching columns of each series after leachate pH values 
decreased from alkaline to acid values (cf. Figures 8,9 & 
VATS IR: Leachate concentrations of Si began to increase 
approximately five increment additions before the major pH 
drop occurred Or each column. Increases in the 
concentrations of Al corresponded almost exactly with the 
decline in pH values. The highest levels of dissolved Al 
and Si (50ug-:mL~' and 35ug:mL~', respectively) occurred with 
the 0.005 M H2S0, leaching regime. In the first column 
leachates, the concentrations of Si, and to some extent’ the 
concentrations of Al, declined slightly with progressive 
leaching under acidic conditions. Levels of Si released 
from the first and second column ash cores were consistently 
25% to 30% lower than the levels of Al (cf. Figures 8A,9A & 
8B, 9B)z Consistently lower levels of Si and Al were 
released under acidic conditions with AASA_ leaching 
(approximately 30ug-mL~' and 40ug-mL-', respectively) 
compared with 0.005 M H2S0, leaching. Neither the leachate 
levels nor the patterns of release for either Al or Si 
differed significantly between leaching regimes while 
leachates were alkaline. 

The elevated and parallel release of Al and Si from the 


first two columns of each series under acid leaching 
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Figure 8. Concentration (ug/mL) of Si (A) and Al (B) 
in the leachates of the Forestburg fly ash 
leached with 0.005 M H:SO,. The numbers 


one to five + indicate the respective 
columns. 
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Concentration (ug/mL) of Si (A) and Al (B) 
in the leachates of the Sundance fly ash 
leached with 0.005 M H2S0,. The numbers 


one to five indicate the respective 
columns. 
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conditions «indicates» that ‘dissolution: \of» Si «is» likely 
dependent on dissolution of Al. Extensive rapid dissolution 
of Si from rock-forming minerals is least favoured under 
acidic; conditions: (Brownlow 1979). Silicon is therefore 
likely co-released from fly ash particles under acid 
conditions as a monomer and/or a polymer during acid 
hydrolysis of Al in the aluminosilicate matrix. Similar 
acid-accentuated dissolution of Si can occur during the 
weathering of natural aluminosilicate minerals (Huang and 
Keller 1970; Huang and Kiang 1972). Other elements (i.e. 
Na, K, Ca, Mg, and Fe) are also dissolved from the ash 
matrix, aS indicated by the low level release of these 
elements paralleling acid release of Al and Si from che ash 
cores. Inclusion of these elements in the matrix likely 
contributed to the instability of the aluminosilicate 
Structure in the ash, further enhancing dissolution of Si. 
The slowness of the precipitation kinetics of Si would allow 
metastablity and Supersaturation in acidic solution 
(Krauskopf 1956). 

The release patterns for Si and Al differed between the 
ashes under alkaline leaching conditions. The 
concentrations of Si in all leachates of the Sundance ash 
series increased rapidly to levels of just under 20ug-mL™' 
as soon as the leachate pH values dropped from above 12.0 
(Figure 9A). As leachates were buffered between pH 8.5 and 
9.0, levels of Si declined slightly with time (cf. Figures 
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Forestburg ash columns (3 & 4) while leachate pH values were 
alkaline (Figure 8A). Indeed, the sum quantities of Si in 
the Forestburg ash leachates decreased with each column in 
the series. Silicon was not detected in the fifth column 
leachates of the Forestburg ash. 

In contrast to the behaviour of Si, small bursts of Al 
were released from the Forestburg ash during initial 
alkaline leaching (concentrations increasing with each 
column in the series). Aluminum was not detected in the 
comparable leachates of the Sundance fly ash (cf. Figures 8B 
& 9B). The Forestburg ash also continued to release low 
levels (<5ug-mL~') of Al under sustained alkaline conditions 
fromrethey thirdea: fourth, andefifithecolumns( (concentrations 
decreasing slightly with time) after subsidence of the 
LN@tialnabursteshosiraal . The sum quantities of Al released 
under alkaline conditions were minor compared to quantities 
dissolved under acidic conditions from the first and second 
columns. 

Differences between the two ashes in the release 
patterns for Si under alkaline leaching conditions were 
likely due to differences in dissolution and/or 
precipitation reactions. The concentrations of Si in the 
Forestburg ash leachates decreased after passing through the 
nonacidified leaching columns of the series. This indicated 
deposition of Si in the alkaline ash of the latter columns. 
Co-precipitation of Si with Al, on encountering alkaline 


conditions, is indicated by the massive decreases in the 
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concentrations of both elements on passing through the third 
columns of each series (Figures 8 & 9). Co-precipitation 
would account for much of the removal of Si and Al from the 
third column leachates of the Forestburg ash. Precipitation 
of remnant Si transferred in the leachates to the fourth and 
tfetthacolumns=mirght’ occur) through reaction with: various 
electrolytes (concentrations increased in the latter 
Souumnsy) ssimplaniwCOlueprecPorbation "of" .Si- dissolved wn 
river-water on meeting with sea-water at river-mouths (Biem 
et al. 1958). 

Similar precipitation mechanisims for Si also likely 
occurred in the Sundance ash; however, the effects were 
apparently masked by a Si release mechanism(s) not manifest 
in the Forestburg ash. Silicon was released rapidly from 
the Sundance ash under alkaline conditions but not until pH 
values declined to below 12.0. Dissolution of Si alone is 
not likely since it is increasingly favoured as pH values 
increase above 9.0 (Kranskopf 1956; Brownlow 1979). 
Dissolved levels of Ca paralleled alkaline pH values for the 
weathering of the Sundance ash. This behaviour suggested 
that the dissolution of Si under alkaline conditions from 
the Sundance ash may be related either directly Or 
indirectly to the dissolution of Ca. 

The patterns of release for Fe and Mn were similar for 
both ashes and both leaching regimes (Figure 10). Iron was 
detected in the leachates of the first, second, and in some 


cases, the third columns of each series only after the 
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Figure 10. Concentration (ug/mL) of Fe (A) and Mn (B) 
in the leachates of the Sundance fly ash 
leached with AASA_ sSoliution. The numbers 


one to. five indicate the respective 
columns. 
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leachate pH values had decreased to below ih ads 
Stabilization of the pH value levels in the acid range 
coincided with the highest levels of Fe in solution. AASA 
leaching elevated soluble Fe in the acidified first column 
keacnates, tow levelss over, double those’ ‘of 0.005 M) H2S50, 
leaching. Manganese levels in the leachates were barely 
above AAS detection limits; however, they were monitored 
because of the usual geochemical association of Mn with Fe. 
Manganese displayed a delayed flush pattern similar to Mg, 
although the delay peaks were not as intense (cf. Figures 
10B & 5). Contrary to Fe, Mn concentrations were depressed 


by AASA leaching compared to H2S0O,. 


B. Residue Chemistry 


Bulk Chemistry 

The chemical analyses of the unleached (unweathered) 
Forestburg and Sundance fly ash samples are shown in 
Table 4. Major and minor components are expressed in 
percent as the oxide. Both ashes are Si-rich with abundant 
Quantities sof Alwcsand Ca. Only slight differences occur 
between the compositions of the two ashes; however, these 
compositional differences may account for differences in the 
magnitude of release of some elements and the ash buffering 
Capacities. The Sundance ash contained 36% more Ca than the 
Forestburg ash which corresponded with the greater buffering 


capacity of the Sundance ash. Conversely, the Forestburg 
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Table 4. Chemical composition of the unweathered fly ash samples. 


Component Forestburg Fly Ash Sundance Fly Ash 
* 
$i+0 56 % Simo 
2 
Al O 19 % 2g ey 
253 
ca0 9) G6 (se % 
Fe O 5.9 % 4.5 °% 
Dees 
Na O See. ¥ Sih is 
2 
MgO D5 eo {237% 
K O 1.8 % ech 
2 
OK 
Ort Ones 0.3 % 
Ba 2400 ug/g 1400 ug/g 
Sr 230 ug/g 180 ug/g 
Mn 340 ug/g 500 ug/g 
Cr 140 ug/g 100 ug/g 
Pb 70 ug/g 120 ug/g 
Ni 40 ug/g 40 ug/g 
Co 30 ug/g 30 ug/g 
Cu 30 ug/g 40 ug/g 


* Determined by difference. 
** Loss on ignition. 
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ash contained approximately 30%, 38%, and 84% more Fe, K, 
and Mg, respectively, than the Sundance ash corresponding 
with higher overall concentrations of Fe, K, and Mg released 
in the Forestburg ash leachates. 

Based on major element composition and initial 
hydration reactions both fly ashes are classified as 
Alkaline Modic according to the proposed classification 
system outlined by Roy and Griffin (1982) for coal produced 
Piy ash. Alkal ine Modic fly ashes may be the most common 
type of fly ash produced from eastern U.S. bitiminous coals 
(Roy peand Griffin 1982). The Forestburg ash can be 
subclassified as an Alkaline Barium-Modic fly ash, as it 
contains an exceptionally high level (>0.2%) of Ba. The 
Sundance ash cannot be subclassified as it did not contain 
levels greater than 0.2% for constituents normally occurring 
in trace quantities in terrestrial materials. 

The changes in the chemical compositions of the leached 
(weathered) fly ashes, compared to the respective 
unweathered ashes, are shown in Tables 5 to 8 (for actual 
compositions see Appendix, Tables 37-40). Various depletion 
and enrichment patterns were evident for some components 
WIENInesome individual coresB@ingeacim of the @four deaching 
Series. The differences in the enrichment/depletion 
patterns among the various constituents reflects both 
diversity of phases within the unweathered ashes. and 


differences in the chemical behaviour of components. 


. eas ion 
entinoqvesses das > ro 


_ 


we peeseles uM bas 2 4 vie labia ses eye os | 


mea 
onis1.3 eligsatoen etosusetend> Wt F5.o neds seduexe aley at ¢ 


“sded eanicthina! atnnasisen03 


baa aioe bevedssouny od 
: : iw 


eu nN 
ae 8o , 


Laidind bee tetd teegains meme te, 


~ 
‘ hal! » 


os - petieness rer estes qe: digo anoisoeet net eins 


noisengd ieneis ern os oF gnibionss etait ean WeAth 


beoybosg teg> sot (seer ‘ai raPa0 bas yoR vd bent iaue ansae) 
E a ; 


Homme > 420m et Ee Wa eades ela ole on ont Jen - dea in 


7 
aliapo, suohimisid .2,0 oaedepe, qo esuhoug: des gli ma a 


ed aso des ortvdveesot sit (eget witiiso bas vy a ) 
: Pe 
. . 7 on — as ‘ e ek n e i, a 
gi @8 see yl? SpROM-HulARe Sy reeth ae ae boitiaest dive. 
é it ; a ie 
oat ef, to (ye.0<) level Mota vOCasersqedxe ne enisdna 


a/ 
niestne> fon 8ib 32 es, Seliipesiodue ed sons des sonsba We 


_ 


valeivedeh Laitaedveed af ge jnaup soeid af : 


bedowel efi to anobetdetes Inetmedia oft nz esgned> edt ” 
" | | , 
evi i JOeqRsy et oo bas aemiro ,esnees yt. anal nae: wy) 


a 


Ieutos nod) @ o4 é ealdst rT oye tia 2 6 aodes 7 . 


noisele 18: avoisev | (on-tE. antsies tibasqak sae anoitizogmos — 


eine moqnio? emoe: > doab ig, ee amistos@ smamito 309) ONS 


7 


onidosel mor hasta od dra oe one tmuibivibei en08 ia isiw 


reap) were 


not seins b\ Ine wiot sie oils wnt 


ad 3 , Z a 7 7 
ij 7 ad p 
a _ od 


_2naneqnos to wot 


3 


Q@=7O= 4O. 40. 40 pl- O LT7- e) €- @) oO c- G p- eseg 

97- O O € O rpi- O Li- O €- e) fe) oO re) T- wo}3Og 

O6= 740 «0 20 20 1Z7- O Li- O €- @) fe) O O c- @LPPItWw 

O€- rk O € fe) bl- O v G e) v- 6- c- S t- aoesunsqns 

Go=4tl. ec € O vl- O Lt G €- 8- 6- G- G fe) aoeyuns 

Os. 20, £0 6- O 1Z- O v- fe) 8- 8- 6 Ol- O S- seBpqz-e0eyunS Gg uWwNLOD 

O€- O O € (e) 17- O 8- G S- 8 6- c- O c- wWO}OYg 

OF=%0 +40 € O pl- O p- G fe) O 6- Z fe) c- SLPPIW 

O€- vl O 9. «0 pl- O v S € O 6- O oO O aoe sunsqns 

Of= «ri 20 € (e) vl- O p- O €- p- 6- €- S O aoesuns 

Or. 70° £0 9- O 1Z7- O 8- G- th- Gb- oO O1- O v- sebp z-a0e4uns bp uWwnNLoD 

Ee-~7O £0 <O O bl- O Zl - S- fe) 8 GI - € G p- wo}0g 

ZG-4O- 40 € €€ vl- O 1Z- G- G- v- €T- c- G (@) SLPPIW 

Gt-*O — 40 9- €€ vt- O 8- G- €- 8- Li- c- Ol t- aoe syunsqns 

6€- O O 9- €€ tt-O Lt- O € 8- tbl- €- Ot v- aoesyuns 

cS- O O 6- €€ wvt- O Li- G- 8- Zh - Gc- Zl - Ol O se6pq3-e0e4uns € uwn,oo 

8r- 0 O O e€€ L- O v- re) O 8- eC- c- G v wo} Og 

6€- O O € €€ O O v fe) O 8- 91 - c- ot G- SLPPIW 

Erp- vl O 9- €€ O O g- fe) G- Tl - OZ- Z Ol t- eoeyuNsqns 

G9- vl O Gi-4O 40. “£O v oO (e) Zh - ee- L fo} fe) aoeyuns 

cS- vl O Gi-s6€€ <O. ~O 0 fe) fe) Ot- bp- LZ S- v se6p3-a0e454Ns ZT uwNnL_od 

8r- vl O b7- O -= £O 8 bt G- GT- cS- 67 G- G wo}}Og 

cS- 82 O 1Z- O b= «0 20 zt O Gt- 8S- 8 c- 6 SLPPIW 

E€8- ph O ZTE- ECE- 9E- O ec my O BE- 69- vo- Or- 91 aoeyuns } uwnLod 
r3 2 E sc € 3o Zz 

4S «Gd «iN «UW eNO wD <OD «ea Oo > OkF8N OBW oe9 084 OV ols a, dwes 


-owiBau Buryoeay, proe Otunsins W GOO'O ey} YOY ‘YSe PausayzeamMuN 
0} aAt}eLeu use AL¥y Bungqyseuo4 PauayzyeaM yO UOL}}SOdWOD |, edswayd ayy uF SHueYo eGe,uUaduag “GG a1qel 


_ 


, ate 


a —° 


J ro - us 


” 


o* 
-_ 
es 
papoose 


a, F 
rae 


oo 


; 


i 


ror oe 
 BOOoRe 


° 
“eROeho ae#¥o 


—— go~ 
Sie as 
—_ = 
i ~ 
= ane = = ae er Oe == 
a - a , 
7 7 = . = 
ee = = 
—— = ry ral Pa 
— ae " 
- i a 


6 soe 


68 ooae 
: ‘oe os 


Haste 


vee 


ae! Om 


a 
Y 


Fad 
—_ 


mee yh 


ate 
{= 


{~~ 


rT? 
bt 
ae = 
'z- 
S{- 
Ba 


at ere ie de ee e 


a- 
La) 


J 


> oc wf 


igen bee son le PT ee Ee Sa 


 - m om ws 


7) 


Se ee ee ee ee ee ee 


ee! 


eS Pets a or Soe — 
* 


are 
& 


~—some oo ee & as yee od 


e 
" 


ee -Qpm 


Ded 


€.&- 


$&- 


_ 8 


a 
2: 


ts See oe = 


m- 


a- 
a- 


as 


= 


or" 


t= ee @@ eee 


2, 9 «226 @ 6 &< = 


74 


ie) 
ON 
| 
OotTO000 
OO0000 


OiS OLOlO 4. O),.© OO. 


~ 
S4 
) 
Hover 2) Coogee @Oeoeaoe 
1 


VES) WeveVeylemey WLeyie/(Svleney (yeKeenXoy one Kon ene) 
0) 


aseg 
wo}Og 
SLPPIW 
aoeyuNsQqns 
voesyuns 
sebpqz-eoeyuns 


wo}30g 
SLPPIW 
aoeyunsqns 
aoeyuns 
sebp3z-as0e4uns 


woz}OYg 
SLPPIW 
aoeyunsqns 
eoeyuns 
sabpq-s0e4uNSsS 


wo}}O0g 

SLPPIW 
aoeyunsqns 
aoeyuns 
sebp3-soeyuns 


wo30g 


SLPPIW 
aoeyuns 


G uwn,to9 


v 


uwn,o9 


uWNLOD 


uwn, od 


uwnLo9 


96-0 Ve be) ee v- O c~ G T= 
SE— © O o- 0) v= O C= S S- 
8c- O v- o= O O O c S V= 
SEO v= w= € O O c- Ot S= 
8c- O 0) O € O 6- c- Ot v- 
G= 10) v O O 8- O S- Ot Le 
tc- O U= O O v O G- S Ve 
tc- O 8s O O v 6- 8- S Ge 
te- O v- O > O 6- E- Ot Y= 
@c- O O O € v- 6- €- Ot c- 
8c- O 8 OF O 8- 6- Ss S C- 
[E= “XO; O O O 8 bc- c St ce 
Via © te O O v vCo- 10) ot v= 
tG— © 8- O O v- tc- € St UE 
vl- O eS O € Se 6 O St U= 
tc- O v- O E Ge Bt - E- St v- 
vl- O 8- 10) 10) O bo- L Ot te 
tc- O Vie O ie) v- vc- L Ot c- 
(c= 0 ve O € VS pC- L Ot c- 
tc- O cl- 9 bt 8- 8C- S Ot c- 
tc- O O 9 bt cl - bE- é Ot c- 
8c- O 6C- 9 8 v- vCc- S St v= 
8c- O BE- Le) G v- 9C— c Ot c- 
8c- O Os- Lt 8 Le 9b- cl- S S 
c 4 EC a4 c 
4D OO F&& Oo > O eN O6W oe9 0 %e4 OV O's 


O} SALE Au 


‘ewtBau Bupyoeat yvSvV eu yuo4 
use Al 4s Bungqysau04y PpauayzyeaM 4O UOL}YLSOdWOD jediwayd sy} UL 


‘use pausy}yesmMun 
eBueyos asbhey,useduad 


"9 919e1 


Ss > _ 


a 


‘ teay bo note aaa 
oe oa mem a 


r : 7 7 = a ne 
: = ; an 7s —e La 
, So a hal ahaa we wanes etaaene nents (2p eben aap pace er one 


ri - of 
=» a a, 5 7 7 
< 


=) oa aa 
3 ae aad Ons @a3 Of me a 
oo im om wo 6 oD | om oe wa : | 


— = P SoS Sewn Sint aber onsen none 


e - s+ 8 
a a-. - S8- + a vr 
= 2 -- oe 2 ee te 


7s @ 0 oF 


® 
7 
1 - ‘ 
z 
wns 


7; 


onag 2 


it 
p 


e 26 


PORE SCOOPS Bigeye 
ve 
cay 
= 
7? 


¢ Gt - & ; 
fe. 2 o a 
Be. —- << .- @ - 
| 
§ 


eo 


rs 


7 
ay ies 


= 
” 
¥ 
<a 
ae] 
“? 
’ 
m 
7 
~~“ — 


Yr 
’ 
2 


‘ Be . Ae 


te 
ms 
ow 
bo oem 
@ 
o 
2 
4 
t 


a © ot b- 
eo i<- 0. t- & & a = _ ap tS 
Go £ a- oOo @ a: a- Gg - 2. = 
= tE> 6 © a $= | Ae ee 
» hi = & F G h -7c- o a oe 
oe ; t- -% o . s te- S 


sf = es 


fa 
ho. 
bid ve) 
ne 


CLS one KeoeH & 


~~ 
; 


i" 

cut 
© 
; 


oo en on u.oD 


- 
YY 
‘ 
o 
} ou 
“i 
fir Oe 
paws 
7 ’ 
hw 7 
' 
e 
~ 
> 
‘ 


) 
§ 


“> 
re 

a 
> 


f ¥ 
oo 
—_ = 
i Bt 
ek | 


a oO ve | 
v 


‘ 
7 


2h 2 wm @ 


ey BS | 
i 
2 
4 We ee 
i) 
bd 
‘ 


' 
Scovcse 
od 
GvawoD 
© 


’ 


2 ri = _ —— = : 
’ J a " —— i a ee mee i eg an lp a te i il, i i a A A a A I a (~~ bee oes eee ee — 7 
= : ; ee ee . : : a : i 
a ed z : 
— 6 - = — 
i “fp = =~ Aa 
- - — = 
7 ; 
7 + 
= _ x ~ 7 oa — 
=i . ; . 
= : em al : 
: z om a - 
— = a <i = © = 
= . st ae = Se 
en i 
7 , 7 
- — - 
a - a 
_ - = _ a 
: a. 
aa) i = nt = > 
: a me - 
os : oe 
7 a ; 


aS 


aseg 
wo}}Og 

SLPPIW 
aoeyunsqns 
aeoesuNns 
sebpy-a0e5yUuNS 


woz}Og 
SiPPIW 
aoesunsqns 
aoeyuns 
saebpy-a0e guns 


wo1}Og 
SLPPIW 
aoeyuNnsqns 
aoeyuns 
sebpq-a0ejyuns 


wo}}O0g 
2LPPIW 
aoeyunsqns 
eoeyuns 
sebpqz-e0e4uns 


wo.}0g 


SLPPIW 
aoesyuns 


G uwn,o9 


v 


uWwNLOo9d 


uwnN,od 


uwn{,oD 


uwn,_o9d 


WS= Bye (Ae (0) OE- O 8C- she Oo O [i= 6- O 1@) 
MES ge © GE CO, OS= © BC- 8- €- O Ls v- v= 4 
ga fale ©, c O OS= © vt O € 8 [bs c- (0) (@) 
Gua B= © O O O€- O vo O € O [De v- (0) O 
[Liges [b|.=-4@) O O O£&- O 98 O € O Et - C- v O 
tc- GcC- O Me OLF=— (0) 98 Oo €- 8- L 6- v- 9- 
(Me= © ie) 4 O OGaNO vi- 8 S- Sa Et - LS v c 
Cr= 0 O c O OSS © v9 O O O el - G- 6 C= 
(Ljp= HE c O Oc- O v9 O G- 8- Oc- i v v 
[Mea O c O Os © v9 O c= Sit. Oc- Le v c 
Ne [hls= ct- O Oc- O LS 10) [so  eilke et et - 6- 8- 
LS= @) Ci CaO) O Oks © vt S- c= 8 Et - c- v O 
cy- O GC ¢ O Oc- O OS S= c- St OC - (G= Oo v 
E> @ SG OO) Os= © tL i= (gs 10) Oc- v— O +) 
p= ©) G@ st O QjsS (3 Shs 10) €- O Oc- c- 6 c 
tc- O Go. 0G 30 Oc- EE 98 (Ses spe Gt - et - (= v= 4 
ipik= Ge BYE iy OG O€- E€ QE O S- O Ov - c- vt 4 
3S a @ O OS O¢c- O L O €- B- 6E- O 6 8 
B= = C-— GO =O LS O ‘Bo Gt - 8E- c 6 v 
ve- 8 O vl- O OE 9} 8L 8 €- be- cG- 9t v ch 
8L- O O Olt- S@ O¢c- O ev 10) C- be- [bi Pe 6 v 8 
ge Yb (ASS Oc- 70 OOt O (Sb= Se ele cv 6- St 
ee He Sree ive 0. OSG- O Ost O Ka ASS Yee (G= Bt - L?@ 
Ge WS ime size Wei We (siso TeteN 8 JEG Ac 6L- GE- Sits EE 
c c € Cc € ¢ c 
YG Gd tN YW ND YD OD FA Oo > O®N O6W oe9 0 894 OV O'S 


‘euwitG6eu Buryoea, proe OtuNnsINsS W GOO'O euyy YOY 


0 aAL}eLeu yse ALJ |BdUepUNS PauseyzyeaM jo UOL}zZ}SOdWOD | ed};wWaYd ey} Ut eHUeYd eHe,Ued4ad 


‘use pauey}eamun 


"L e1gel 


=> ~ he oe 
; Tere ae ee: - 
sae ea ret aed Pend egrets. a nee . 


_ 

ace AT: parabens f 

: : , bake erifoaet bios ob wilus ” 800.06 BAe vt 

_ 7 aaa) — = nde 
_ 

Sor an = - — — ee eae oe Oe <n 


4 
— 


om wo 9D 29 «#8 So Oat Oh oO: O95 OFA Ore - _ piqne 
= * : 6 £2 62> = YP See 
Sn > ee a oO Oe ee oe wo Te eS ——-—_= a 6 ee < 8 hs = a ae a ee ee —s 


ae — 


- So- &b- Ge HR- CE- Bat a.) t- ag ef ae Bt- te ass we <a 
= - 9 of 6 Ser 8 at-. 8e- * 3f- -&- or- rs eivorm ; 
® t- 068 f-® ; o tt" at- ge- n- ar morieh 
eg - = = 
->. @ Ores of- 0 & ) i- %€ t- rs 2 seghd -soetne ~ & Lo 
; oe co 8 é c te &- oF » er evetne 
-— © & # we-c te % c- at @ e & on 
= 6 ©& os-2 ¥ > - 2 s- ¢€  & 
~ 1 G- ce BE a 2- @ os £- ar 


} - - a- FS he 
; = &- €& 38 0 € Cd ot ¢ o 
2s om om SX a c o of b- ra) 
es s OS-"o . oe #- ~ uy or <- Q 
S 3 es c¢ or- © bY c &- 3 mi £ ’ - 
a vi- 0 si-O of8- co fe rt a - a] Gr- 
tt-o 8 ££ ©& G&G Be o £ eh A~ ’ 
Ts- Be © cc 8 8-0 + ( . ie cv- _f- rs 
o-) 8 £ D0 G- Oo 3 o e- ££ @ < yi 
- > & ¢ 6S of- 6 Af- é 8 2 c- fe. +4 tre wortod 


“HOOe rine n@ Oorenn 9 


> Wa e8-O @ © O-O #8 o é & y R- &- . eened-esstwe 2 mwinD 
_—e- 828 6 © B-O 9 6 2 se- - eostue ~. : 
--fe- = @ 6 Cc x- 0 Pet) iF E 2 - > re 295 Rue a 
30 S$ © Wd mM a t= #8 ‘: s-  9o other oe 
ee ts & ¢ s- oO of- O &t- #ée c- PI T b- b~ aor Pag a oy, 
er a e266 <€- © ct-o oS B- ° o - e- 0 Q -. e208 = — 


—s a eee eee a te owe &-— + 7 ee ona gw ee ee —— ee ee eee es ee ee —_ a ee Oe ene be bho © Pe we 6s w= oS OES 6648 > 4 OSes a a 


at - - 


4 é _ 
—. | ; : . — 
Cea 
, a - - 
. - =% 


76 


eseg 

WO Og 

Si PPtw 
aoeyuNnsqns 
aoesuns 
se6pyz-a9eJ4Nns 


wo}}0g 

SLPPIWw 
aoeyunsqns 
eoeyuns 
saebpyz-a0e4yuns 


wo}}OY 

SLPPIW 
eoeyuNsSQqns 
soeyuns 
sebp3-e0e5yuNS 


wo}}0g 
SLPPIW 
aoeyuNsqns 
eoeyuns 
sebpqz-e0e4uns 


wo}0g 


SLPPIW 
aoeyuns 


G uwnL_o9 


p uwnto9 


—& uwnLo9 


Z uwn,o9 


1 uwnto9 


CA S—-0) O C=) Oge © OS O € O Ls y= 6 v- 
GS ~ (0) O C—O OYe= (0) v9 O € O jh= v- vt bs) 
as- © 10) G2 © OE- O LS O € O [b= G— vt ie) 
Is (0) O O O Ov- O bL O € (is El- c- 6 c- 
as= © O O O Opy- EE E6 O € 8- LS v- 6 SS 
WES tt 9) S== © Ov- O €6 8- 8- ce - O 6- = v- 
GQe= Gi @) c O Oc- €&€ 9 O € 8- Le = 6 aS 
Ae Wi G, oO 10) Oo (3 C3 O O 8- Et - n= v c 
CE=O O O O Of=- Cen 98 O € O El v- 6 Ce 
ce- O O O O OSS (as (al! O C= 8- Ji [b= v AS 
O Bo © y= © O13= ©) LOt y= 8- Gt - et elL- 6- Ol- 
Coe oO v O Oh- €& BL 8- € O el - v- 6 c- 
JEs= (9) O S) O OF- Ee 82 O € O et - Ls 6 c- 
Ge © O c Gc O EE OO 8 € O Ee- G= 6 v 
LV OO c OS Oc- 0 vit O € 8- CER c vt c 
i= © O 6-405" OF. O Evt O S (y= Ee- 4 8t Ga 
(Sie) (0) Sc 8 iG Wika €6 O S 8 a= v 8t Ce 
Sil © O G= OS “O8=" 0 98 O S eh Ov- v Bt O 
CLO O S-= OS Oc— 0 98 O 8 Sits cb- 6 St 0) 
Vioaao O Vil aCe OC— 0 LS Gt 6h Ec- cS- 4 vt 9 
ve- 8 O St ac 0Of— 0 OS St G be- LS- be 6 Ot 
(eo eo 0) 4 SceLOE—= 0 €6 O S Gt- Ov- c vt v 
Jb 10) GC ¢ BG Os (HS gh= O G €Cc- cb- v 6 ) 
vs- O O vi- GC O€8- O L St bt be- LS- U= 6 Ot 
c 4 4 € ¢ c 

YS Ad §IN UW ND 4D OD 2 Oo > OR®N O6W 0&9 0 84 OLV O'S 


owt16eu Buryoesa, ySyvy eu yo¥s 
OQ} FALFeLSeu Yse A, J SOuUePUNS PaueyzyeEamM JO UOL!tLSOdwoo ,ed}!wayd ayy ut} 


‘use pauey}yeamun 
eBueyd ehe,ued4ued 


“8 eL1qel 


ar — 
a 


- ier? | _ 
os @ rz st memtsam to nottheoqmon tacimerty ant 
Sui ro —_— eels nian at Be wanes 
- -_ a _ 7 ; oe 7 oe es 7 a. 
a a ; 5 a . > staceseeess 
( mrad 
ex 0 st Oo oem “otk me 
° 2 2 £3. *£ 
re : ‘ 


: . ee eee a ee a ee a ee 


\ 


> = 
7 7 
: «<4 
7 
~ 4 oul 
J 


7 
“= 
=8 
% 
s 
e 
2 
@ 
“s 


om a a 


W 


t 


¥ 


oe 
OPO 
mr? wf 


— 


bis 
- 
i 
ne 
i 
ey te 20 ON 


wien 
ee 


if q 
Poe 


“ 


sree 
ae 

Ne : eortos.- 
a 


Pp Pr Oo 0? 


it 


Ogedo@ 


oa] a . 2 , S ein . 
S 7 a Sas =, ~ sf 7 2 "i = = : s - - os a o Zz > 
=o a ae es et me : 2 i sm 3 wa : a ee soeriagr hall arn hae SR eae ie ae ae ee ee ae 
Pete Sy a. . : er ee | ten ee = = ee eR Fe ee eS ae _—_ a —-..2 5 ; ’ _ a =8s = 7 


= = Nad 

: - ee ie . = Oe es 
a i ee : ; : ee 
> a = — at ly ae os > oa p ? i — a 
es an 7 a a ae ~~ f ee Yi = os 
pe a ; ; ; - 
2 ak “ i so Se ; : = 
a —— ie. ~ : =~ a) = - = - 
4 7 2 


Teh 


Reduction in the concentration of a constituent in a 
core section, with respect to the content in the unweathered 
ash, indicates preferential net removal of the constituent 
from the core section. Most large decreases in the content 
of some elements, Such as Ca, Mg, and Fe in the first column 
cores, give a good indication of the magnitude of element 
removal. Minor differences of a few percent among core 
sections, such as the Si values of the lower core sections 
Grtpnetthird,- fourth 7 ptand?, ifitthtrcolumns tof faldvatseries., 
probably reflect only the intrinsic variability of the 
ashes. 

Increases in the content of an element ina core 
section with respect to the unweathered ash indicate either 
negative enrichment or net deposition. Negative enrichment 
occurred primarily in the first column cores where no 
components were added and only dissolution and leaching of 
select components took place. Increases (positive numbers) 
or no change (zeros) in the quantity of a component not 
extensively dissolved from the first column cores, compared 
to the unweathered ash samples, indicates negative 
enrichment. An exception is the case of Na in the AASA 
leached samples (Tables 6 & 8) where considerable quantities 
of the element were removed from the first column (Figures 6 
& 7) but negative enrichment primarily due to Ca removal was 
greater than or equal to the magnitude of Na removal. 

Net deposition of constituents took place in all column 


cores after the first where the quantity of a component 
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deposited was greater than the quantity removed from a given 
core section. Net deposition of an element in a core 
section was generally indicated by an increase in the amount 
of an element in the sample with respect to the unweathered 
ashes. Enrichment of a core section in a given component 
may also have occurred through deposition of a certain phase 
while being preceeded by removal of a larger quantity of the 
Same component through dissolution of another ash phase. 
Enrichment of this type is indicated by the elevation in 
compositional levels of a core section, compared to adjacent 
core sections. For example, Ca was deposited in the 
surface-edge samples of the latter leaching columns but in 
some cases the enrichment values of all core sections were 
negative with respect to the unweathered ashes (Tables 5-8). 
Enrichment of Ca in the surface-edge samples was indicated 
only through the increases in the content of Ca in the core 
section with respect to adjacent core sections. These core 
sections are therefore actually enriched in Ca _ while 
displaying a decrease in total composition with respect to 


the unweathered ash. 


Calcium and Magnesium 

Calcium and Mg were depleted from both ashes in 
quantities that exceeded all other major and minor 
constituents (Tables 5-8). Calcium appeared to be more 
extensively leached than Mg, with respect to the unweathered 


ashes; however, the apparent lower relative dissolution of 
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Mg (minor component), compared to Ca (major component), 
could arise from negative enrichment of Mg due to _ the 
massive overall removal of Ca. 

Depletions of Ca and Mg were greatest in the ash of the 
first and second columns (Tables 5-8). Depletions decreased 
asymptotically within the core sections of each leaching 
series. The surface layers of the first columns sustained 
the greatest losses. The lower core sections of the fourth 
and fifth columns were not subStantially different from the 
respective unweathered ashes. 

Similar asymptotic depletion patterns for Ca and Mg 
were also evident within some of the individual ash cores. 
The Surface core sections (excluding the surface-edge 
Samples) of most column cores usually contained less Ca and 
Mg than the lower core sections. The magnitude of 
differences among the core sections of each column core were 
generally less pronounced in the latter columns of each 
series. Leaching with 0.005 M H2SO, removed more Ca and Mg 
from the ash than did leaching with AASA solution (cf. 
Tables 5,7 & 6,8). 

The initial mobilization of Ca from the ash is most 
likely due to the hydrolysis of CaO and dissolution of the 
hydroxide products (Ca(OH) 2) as suggested by many 
investigators (Theis and Wirth 1977; Talbot et al. 1978; 
Elseewi et al. 1980; Dudas 1981; Hodgson et al. 1982). 
Comparatively minor amounts might also be dissolved from 


anhydrite (CaSO,) in the ash (Dudas 1981). The formation of 
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Ca(OH)2 was most evident in the trends for leachate pH 
values and release patterns of Ca of the Sundance ash 
(Figures 1-4). While the column leachates of the Sundance 
ash were buffered in the extreme alkaline ranges above _ pH 
12.0, solution levels of Ca remained within the range of 
SOUUgemMi "to, So0ug mu wrennO.u0oNM HesO;" Leaching; and 
Prone toOCug- mar ‘cor 2500NgImEe = “with AASA leaching. "The 
high levels of Ca in solution coinciding with extremely 
alkaline pH values indicates the presence of a large 
quantity of a discrete soluble Ca phase in the ash 
controlling the solution parameters. The stable phase under 
these conditions (extremely high solution levels of Ca and 
extremely alkaline pH values) is Ca(OH), (portlandite) 
(Gindsay 1979). This mineral likely “formed "through ‘the 
hydrolysis of a large amount of available CaO and remained 
temporarily undissolved in the case of the Sundance ash. 
Continious leaching did not allow its formation in the 
Forestburg ash and quickly removed it from the Sundance ash. 
Exposure to less acidic solutions than those employed in 
this study, such as water (Dudas 1981), may not elevate 
levels of Ca high enough to facilitate Ca(OH), formation as 
occurred in the Sundance ash. 

Availability of most of the Ca in the ashes to the 
leaching solutions is evident in the removal of considerable 
quantities of Ca from the ash of the first columns (Tables 
5-8). Much of the Ca in the ashes was therefore associated 


with the particle surfaces. The extremely high solubility 
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of Ca(OH)2z would account for the short duration of highly 
alkaline buffering in the Sundance ash. The disappearance 
of the portlandite (Ca(OH),) from the ash cores is indicated 
by the sharp decrease in the pH values of the leachates of 
each column from aboves 250 reton cbelowwe9 «0+ sand. .bhe 
corresponding decrease in the leachate concentrations of Ca. 
Conversely, even though Ca was also dissolved in large 
quantities from the Forestburg ash, a similar buffer zone 
above pH 12.0 did not occur (Figures 1-4). The unweathered 
Forestburg ash contained less Ca than the Sundance ash 
(Table 4): however, the difference in content of Ca between 
the ashes was not likely great enough to account for 
differences in the ash buffering capacities. Instead, 
differences in the buffering capacity likely reflect 
differences in the physical forms of Ca in the ashes (i.e. 
percentage of Ca which occurs as CaO) rather than simply 
differences in total quantities. The possible forms of Ca 
in the ashes will be discussed at length in the mineralogy 
section. 

The removal of much of the Mg from the ashes was 
comparable to the removal of Ca and consistent with the 
chemistry of a MgO phase. The hydrolysis of MgO results in 
the formation of Mg(OH)2, which is generally less soluble 
than Ca(OH)2 and only sparingly soluble in excess alkali 
(pH>10.0) »«(Gotton iiand -«WithLkinson, 1972) a. The formation .of 
Mg(OH)2 in the ashes would account for the very low or 


undetectable concentrations of Mg in the first few leachate 


ay Soe Apis 


os ‘eksoma, at mun ts 
ia pore wnat r 
| i 

1.4 thy 


ep 


7 


stants: it ‘eit 2 asbaue ond ai pnizeiivd 
-baaeaibal , eager | 
§o gorsdoees, oat) had eeulay Ag atta 1 | 289% 26D 12.8) 
: re At bas aes woted. od, D. gt ont ~, ; - ae > = ; 
4B do anokanzine OOS paadoest oda wi seeerosb ine 
Pernt ai bevioeas © pan eew #2, “sevods neve sdeboont vo 
y anox. “yedtud. zal Limite, s ,ie6 piudaeeso8. ada. eat aphid nsup : 


nes eonsbnue 


neeawted, 63 


' @sw RB 
| ey 

odd, gilts sneteiened bas, a> ‘to. “tevomes, odd oF. Lite aid 
| ai. etiuess oom to, ‘eteqioxben ot +eeeng ‘Oph. oe eng. 
eidulos axes yiiorenee: ak. dota 


phe 


sda. 


oddsqwnus edt. , bert aomup it) 24999 jon bis: 0, gt Hq Dias 


add 


ileale. aneoxp: nt. eiduiog ee 7 


gneines al sohaxeshib acs yevewod & ey eld or) 
ot pues diesay  ghetit. ton 2sw" ee on it 
$i 3£98QGHD polite 93% Lig fon edd. at _geoneze 33 " 
Aik. | yt tos@ao eye pas og? fi sone ual 


dod mts 20. amees Leskexriq eda. at agonais3 


dz i dgpaet, 22 Boneyor ib ed. tLim eades. edt 1 


ed3 sed? 82 -eeel _benistacs. des. puuddeer9 


aM ae 


| a 
anere (Ono, ee e1w200 doidw bes io ae : 


faeog ont | -eetpi soap fates, ai ceona 7934 i 


\ 7 bat r 


bee ok ‘ae Be “due to levenss.-4 AT oy 


ee 


a 7) ans * 


coal 20. “oi gemiet 


way 
j 


hs 
nia : 


‘SAN 


82 


increments in which leachate pH values remained above 10.0. 
Magnesium dissolved from any highly soluble Mg-salts (e.g. 
MgSO,) present in the ash, under alkaline conditions, would 
also contribute to a solid Mg(OH)2 _ phase. The "delayed 
flush" pattern observed for the release of Mg corresponded 
to acidification of the respective ash cores (cf. Figures 2 
& 4), The peak concentrations were likely caused by rapid 
dissolution of Mg(OH)2 previously formed under the initially 
extreme alkaline conditions. Magnesium oxide in the 
unweathered ash likely occurs in solid solution with Cao, 
but unlike Ca, Mg does not dissolve until pH values drop 
from extreme alkaline ranges to moderate alkaline or acidic 
ranges. Further discussion of the physical forms of Mg is 
also reserved for subsequent sections. 

A white (10YR 8/1)d precipitate was found on the filter 
papers on the surfaces of the fourth, fifth, and in some 
cases, the third columns of each leaching series. The 
surface-edge samples of most fourth and fifth columns were 
either enriched or did not differ in Ca content from the 
compositition of the respective unweathered ashes (Tables 
5-8). The concentrations of all other major elements in the 
Surface-edge samples, including Mg, were considerably 
diluted with respect to the unweathered ash contents (Tables 
B= 8.) This indicated that the white precipitate was 
composed essentially of Ca. Core section samples adjacent 
to the surface-edge samples (bottom core sections of the 


previous column cores and the surface core sections of the 
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Same column cores) were usually lower in content of Ca. 
Therefore, although content of Ca in the surface-edge 
samples (columns 3, 4 & 5) was less than the content of Ca 
in the unweathered ashes, Ca was still enriched in the 
Sample with respect to adjacent core sections. Calcium 
accumulations in the surface-edge samples corresponded well 
with inorganic carbon contents (Table 9), indicating 
precipitation of a carbonate phase. Transport and 
precipitation of other Ca phases also occurred under the 
Specific conditions imposed during these leaching 
experiments. Discussion of these phases is reserved for 
Subsequent sections. 

Precipitation of CaCO; on the core surfaces of the 
latter columns of each series likely occurred through the 


following reactions: 


Cameras) + Ho0:'-> 6 Ca(OH) fF Cate a2: Oni (9) 
C6..8 (atm. )e #fOHs o>) HCO; ye 
Cai t=7 HCO, ‘= €acOz(s)> + He (3) 
CalGnjy]@triCOs e> (CaCO AS) 54) HeO at (OHS (4) 


Some of the Ca** and/or Ca(OH), derived from the hydrolysis 
of CaO, native to the ash (equation 1), would react with 
atmospheric CO, dissolved in solution (accentuated by excess 
OH@, “equation 2) to form a CaCO; precipitate under «the 
prevailing alkaline conditions (equations 3 & 4). Formation 
of CaCO, would be at the expense of Ca(OH), (solid phase or 


‘ Carbonate ion (CO3~-) would also be present in solution and 
participate in similar reactions; however, the bicarbonate 
ion (HCO;) is the dominant species in solution under the 
prevalent pH conditions (Stumm and Morgan 1981). 
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solution species) which is metastable in the presence of 
dissolved CO, (Lindsay 1979). 

Precipitated CaCO; was redissolved along a front 
corresponding to the acidification front within the ash 
cores of each series. Carbonates were present in the core 
sections of those columns which had not undergone 
acidification and absent in those where the leachate pH 
values had dropped into the acid range (cf. Table 9 with 
Figures 1 & 2). Some redissolved CaCO; would again 
precipitate further down each leaching series. 
Redissolution of precipitated CaCO; and reprecipitation in 
latter columns would account for the buffering observed for 
all nonacidified columns in each series in the 8.5 to 9.0 pH 
range. This would also account for the sustained levels of 
Casreleased prior to acidification, «and the » corresponding 
decrease in the leachate concentrations of Ca from high 
levels following acidification of the ash cores. 

Precipitation of Mg in the ash was not identical to Ca 
precipitation. The sum quantity of Mg in the leachates 
decreased with successive columns in each leaching series 
(PFigure.5), indicating| that Mg precipitated in’ the »latter 
columns of each series. Accumulation of Mg did not occur in 
the surface-edge samples, as did Ca, but rather over a broad 
range of core sections, mostly in the middle and/or bottom 
layers of the fourth, fifth, and in some series, the third 
columns (Tables 5 to 8). Most salts of Mg (e.g. chlorides 


and sulfates) are highly soluble (Lindsay 1979) and are not 
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likely to precipitate under the leaching conditions imposed 
during this experiment. Most carbonates of Mg are also 
highly soluble and do not usually precipitate as separate 
phases. Magnesium does however commonly form. solid 
Solutions with CaCO; (Lindsay 1979). Carbonates were 
present in all core sections of the nonacidified columns 
(Table 9). Precipitation of MgCO; in solid solution with 
CaCO; 1s therefore the most probable mode of Mg accumulation 
in the lower ash columns. 

A number of factors may have contributed to the 
dispersal of Mg precipitates among the lower core sections 
of the nonacidified columns. The Mg?*:Ca?* solution ratio 
Plays ¥anhimporntant: role int thewsincorporatione,of wiMgy into 
CaCO; structures (St. Arnaud and  Herbillon 197 3% 
Precipitation of CaCO; from a solution containing both Mg 
and Ca, such as occurred on the core surfaces of the third, 
fourth, and fifth columns, would effectively increase the 
Mg**:Ca?* ratios of the leaching solutions. Removal of Ca 
from solution at the begining of core infiltration would 
therefore promote precipitation of Mg-bearing CaCO; in the 
lower core sections, Similar to the formation si Mg-bearing 
calcites in soils (St. Arnaud 1979). Other factors such as 
formation of stable sulfates, acetates, or Salicylate 
complexes with Mg in leaching solutions might hinder MgCO; 
precipitation. The solution species MgSO, would likely form 
in the H2SO, leaching solutions and would account for a 
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1979). Precipitation of Mohimre solidessolutiicn with ineacos 
might therefore also be limited by transformation kinetics 
of Mg solution species. This would also result in the 
greater dispersal of precipitated Mg among the ash core 


sections, compared to Ca. 


Sodium and Potassium 

Of the minor univalent constituents examined, K 
displayed trends of negative enrichment in the leached 
residues while Na displayed both negative enrichment (AASA 
leached samples) and depletion (0.005 M H2S0O, leached 
samples) (Tables 5-8). Changes in the compositions of K and 
Na, with respect to the unweathered ashes, were most 
pronounced in the first column cores. Changes in the 
compositions of K and Na in subsequent column cores were 
minimal except in some cases LOE the surface and 
surface-edge samples of the second columns. Negative 
enrichment of K in the first column cores was primarily due 
to removal of Ca andMg. Sodium also displayed negative 
enrichment in the first column cores of the AASA _ leached 
ashes and depletion or no change in content, with respect to 
the unweathered ash in the H2SO, leached first columns. The 
mineral acid solution removed considerably more Na from the 
ashes than the organic acid solution. 

The two stages of Na and K release observed in the 
leachate patterns (Figures 6 & 7) reflect dissolution from 


two distinct phases in the unweathered ash. Similar trends 
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have been reported elsewhere (Dudas 1981). The initial 
Stage of Na and K release is characterized by a rapid 
decline in initially high leachate concentrations. The drop 
in concentrations is consistent with dissolution of a 
limited quantity of readily soluble salts, most likely 
sulfate salts, associated with particle surfaces as 
Suggested by Green and Manahan (1978) and Dudas (1981). 
Negative enrichment of K in the residue core sections, 
primarily in the first column cores, (Tables 5-8) indicates 
that most of the K in the ash is not associated with the 
soluble salt fraction. The much higher concentrations of Na 
than K in the initial leachates (Figures 6 & 7), compared to 
the Na:K ratios of the unweathered ashes (Table 4), suggests 
that a much greater percentage of the total Na than the 
total K is associated with the soluble salt fraction of the 
ash. 

The low levels of Na and K in the leachates detected 
after the initial flushes indicates that Na and kK _ were 
dissolved during latter weathering stages from forms far 
less soluble than the forms that account for the initial 
flush. The majority of the Na and K dissolved from the ash 
after reaction of the highly soluble forms was derived 
almost entirely from the ash of the first leaching columns. 
Levels of Na and K in the leachates increased only slightly 
after passing through each of the subsequent columns of each 
Series (Figures 6 & 7). Concomitant high levels of Si and 


Al were also maintained in the leachates of the acidified 
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columns (cf. Figures 6,7 & 8,9) suggesting that Na and K 
released at low levels from the ash was likely derived from 
the aluminosilicate matrix of the ash. 

The mechanism of univalent element removal from fly ash 
may be more complex than the dissolution of “particle 
Surfaces. Differential depletion of Na from the ashes with 
respect to K, was most notable in the 0.005 M H,S0O, leached 
Sundance series (Table 7). The overall levels of Na 
released from the ashes were also much higher than the 
levels of K released during the later leaching stages 
(Table; l3)*% Differential removal of the univalent elements 
from the near-surface locale of the aluminosilicate glass 
phase of the ashes may be possible. Univalent cations (Li, 
Na, K, Rb, Cs, etc.), unlike other glass consitituents, are 
capable of solid state migration within glass which is in 
contact with aqueous acid solutions (Boksay et al. 1968). 
The removal rates of Na, K, and other alkali cations from 
glass depend on solution acidity, temperature, atomic radius 
of the dominant diffusing ion (increasing with decreasing 
ionic radius) and the activities of the respective ions in 
solution (Jambon and Carron 1976; White 1983). Migration 
and escape of univalent elements occurs at a decreasing rate 
independent of a dissolving glass surface (White 1983). The 
Slight decrease in the concentration of both Na and K in the 
first column leachate solutions during the later stages of 
leaching (Table 3), suggests that migration of the univalent 


elements within the aluminosilicate glass of fly ash 
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particles does occur. The increased acidity of the mineral 
agra stecompareds to) thethorganie cacidn«emixtunes wwould. ¢be 
responsible for the enhancement of the migration mechanism 
in the 0.005 M H2S0O, leached samples. Hence, the greater 
removal of Na from the ash compared to K, may be due to both 
greater association of Na than K with a more soluble phase 
of the ash and greater solid state removal of Na from the 


less soluble glass phase of the ash. 


Silicon and Aluminum 

Silicon displayed the greatest degree of negative 
enrichment of the major ash constituents (Tables 5-8). In 
abdafour ieee nite Series Si was negatively enriched in _ the 
ash of the first columns, and in some cases, the surface 
core sections of the second columns. Negative enrichment of 
Si in the first column was greatest in the surface core 
sections, then decreased with core depth. The remaining ash 
core sections from all other columns were not significantly 
changed in content of Si from the unweathered ashes except 
for the surface-edge samples of some of the latter columns 
of each leaching series. The moderate depletion of Si in 
these samples would be due to dilution through carbonate 
additions. 

The percentage of the total Al represented by the 
amount of Al removed from the first column ash was much 
greater that the percentage of the total Si removed from the 


column. The total quantities of Si in the ashes was much 
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greater than the quantities of Al (Table 4). Aluminum was 
depleted in the ash of the first columns leached with 0.005 
M H2SO, but negatively enriched in the first column ash _ of 
the AASA leached series (Tables 5-8). Increases in the 
content of Si in the first columns of each leaching series 
corresponded well with negative enrichment primarily due to 
Ca removal. Negative enrichment of Al in the first columns 
of the AASA leached series was also due to the removal of 
Ca. The same effect was Bqelideied Guecgeto. tan tequalertor 
greater magnitude of Al removal from the ash of the H,S0O, 
leached first columns. The greater acidity of the mineral 
acid and its longer reaction period in this experiment was 
apparently more effective in removal of Al than the organic 
leaching solution. The acidified H2S0O, leached ash cores 
released higher levels of Al than did the AASA_ leached 
columns. Under acidic conditions, the levels of Al in the 
first column leachates also exceeded the levels of Si 
(Figures 8 & 9). The sum quantities of Al released from the 
first column ash cores were greater than the sum quantities 
of Si. Silicon was therefore primarily residual in the ash 
while Al was primarily depleted from the eluvial ash 
columns. 

The lower core sections of the second columns’) and/or 
the upper core sections of some of the third column cores 
were generally enriched in Al compared to the unweathered 
ash (Tables 5-8). The moderate increases in the content of 


Al in these core sections were likely due to precipitation 
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of Al from solution as indicated by the sharp decreases in 
concentrations of Al in the leachates passing through the 
second and third columns of each series (Figures 8B & 9B). 
Dissolved Si was removed from the leachates similar to Al 
(Figures 8A & 9A) Precipitation of Si must have therefore 
also eccurned tim Sthes sécondt andehthirdbecolbumn. ocores’ 
Picreasesormes the secontentecoiresit pimithe: cedrek sections, 
parellel to increases in the content of Al, were not evident 
(Tables 5-8). The percentage of Si added to the cores 
through precipitation hefromesolutionprcompared tothe total 
content of Si in the ash, was very small and therefore 
likely not detectable. Errors introduced through 
determination of Si by difference would also contribute to 
errors in detection of the small percentage increase in the 
content of Si in each core section. Although increases in 
the content of Si in the ash cores were not discernable, 
precipitation oftAhsiandy Siplwithim! the’ ’same»s column ‘and 
increases contents of Al in the respective column core 
sections suggested that translocated Al and Si could have 


precipitated in the ash cores as an aluminosilicate. 


Iron 

The highly visible movement of Fe within the ash cores 
was related BO declining PH values. Soon after 
acidmfircativonn ofie the fsxash ointithesiirst columns (after uthe 
first few incremental additions) a brownish yellow (10YR 


6/8)m to yellowish red (5YR 4/8)m band of approximately 
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O0.5cm thickness developed within the ashes near the top of 
the cores. Similar bands also developed within the ash of 
the second and third columns soon after their acidification. 
With additional acidic leaching, the bands slowly moved down 
the ash cores in chromatographic fashion. Over the entire 
leaching period the bands did not reach the bottoms of any 
of the cores. Isolated pockets of similar colour were also 
observed surrounding a few large bubbles which had _ formed 
against the column walls within some of the acidified ash 
cores. Formation of the colours adjacent to the bubbles 
indicate shat Oxidation-reduction conditions also have an 
important role in the translocations of Fe during fly ash 
weathering. 

The enrichment of Fe in the core sections closely 
matched the positions of the coloured bands in each of the 
columns. The surface and middle core sections of the first 
columns were extensively depleted of Fe (Tables 5-8). Iron 
was most highly enriched in the bottom of the first column 
cores which corresponded to the location of the band at the 
termination of leaching. Iron enrichment also occurred in 
the surface and surface-edge samples of the second columns 
of each series. Iron dissolved from the surface and middle 
core sections of the first columns by the mineral acid was 
immediately precipitated either in the bottom of the first 
columns or on the surfaces of the ash of the second columns 
before acidification of the latter. Columns which were not 


acidified showed ‘no-‘evidence «of Feexstranslocation. (cf 
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Figures 1B & 110A). However, these columns were slightly 
depleted in Fe (Tables 5-8). Iron depletion in these latter 
columns was likely due to dilution through the addition of 
other phases. 

Iron dissolved from the ash by the organic acid 
solutions tended to diffuse tintow the ashe of fethelasecdnd 
column cores more readily compared to the mineral acid 
leachates. In general the coloured bands produced from AASA 
leaching were more diffuse and not as intense in chroma as 
those produced through mineral acid leaching. iii Loration 
of the AASA dissolved Fe into the ash of second column cores 
is indicated by the Fe enrichment of most of the ash core 
sections (Tables 6 & 8). Enrichment of Fe was limited to 
only the vsurface slayers yofi(thewsecond <columnsivof the ‘07005 °M 
H,SO, leached series (Tables 5 & 7). 

The more diffuse Fe enrichment pattern in the _ second 
column cores of the AASA leached series suggested that the 
formation of the stable Fe-salicylate complexes inhibited Fe 
precipitation. Complex Fe-salicylate salts tend to be 
reddish in colour (Windholtz 1976). The organic leaching 
solutions, after passing through the acidified first and 
Second ucolumns., ranged *tin’ colour® fromerburgqundyvtto idark 
purple which changedorto cledr fonGtaddisttion tof talkaly 
Simibaretcolours tinvolvingt iorganic=Fe? * complexes were 
observed by Bloomfield (1953) in pine needle extracts used 
to leach soil material in ae study of podzolization. 


Formation of Fe**-salicylate complexes would inhibit Fe 
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precipitation. Similar inhibition of Fe precipitation has 
been observed for soil organic compounds (Schwertmann 1966). 

The ferromagnetic fractions of the unweathered fly 
ashes were primarily composed of Fe and represented only a 
small fraction of the bulk ashes (Table 10). Of the major 
elements, only Fe was enriched in the ferromagnetic 
fmactihon, }Ecompared to the (bulk ash. The ferromagnetic 
fraction comprised 8.8% and 13% of the Fe in the Sundance 
and Forestburg bulk ashes, respectively. The elements 
capable of substitution for Fe in spinel structures include 
Agee ca, + MG Moy wNije Cm, Cu, sand}Co,«\(Deer? et als. 1966: 
Brimblecombe and Spedding 1975; Sidue et al. 1978). These 
elements did not exceed 10% of the Ser monsane te Fractions. 
Silicon was the second most abundant constituent (after Fe) 
in the ferromagnetic Eraction -butw ite dmikelys occurs as 
discrete inclusions of quartz and/or amorphous material 
physically fused with the ferromagnetic particles. Some of 
the Al and Ca in the ferromagnetic fractions may be 
associated with Si. 

The majority of the Fe removed from the bulk ash _ was 
derived from a source other than the ferromagnetic fraction. 
Dissolution of magnetite or ferrite is very slow even’ under 
extreme acid conditions. The percentage of the total Fe 
contained in the ferromagnetic fraction is considerably less 
than the percentage of Fe removed from the surface and 
middle core sections (Fe depleted) of the first column 


cores, The ferromagnetic fraction could therefore not 
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account for all Fe dissolved from the first column cores. 
Since the percentage of all other elements in the 
ferromagnetic fraction represent negligible fractions of the 
bulk ash compositions (except Mn), the quantity of these 
elements released through dissolution of the ferromagnetic 
fraction compared to the bulk ash would also likely be 


negligible. 


Trace Elements 

Most of the trace elements displayed enrichment and 
depletion patterns within each series of weathered’ ash 
Similar to those for the major and minor elements (Tables 
538). Significant positive and negative correlations 
occurred among three main groups of elements (Table 11 
and/or Appendix, Tables 41 & 42). The elements Sr and Ba 
(in the case of AASA leaching) were highly correlated only 
with Ca and Mg. Correlations also suggest that the trace 
etements )sMnies Ni Cre? Co, and .Cu“act “similar to Fe, Al. Ca, 
and/or Mg. The concentrations of Pb in the core section 
samples exhibited a high positive correlation with Si, K, 
and in the case of 0.005 M H2S0, leaching, Ba. The content 
of some trace elements in the weathered residue digests were 
in some instances very close to AAS detection limits. 
Differences in trace element compositions among _ the 
weathered core sections and the unweathered ashes may 


therefore in some cases be questionable. 
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Barium and Sr are chemically similar to Ca and Mg and 
act accordingly during fly ash weathering. Barium displayed 
two enrichment/depletion patterns. A negative enrichment 
patterny Simideratotthat ofhSivand Ki inetheld.005 MiagH./S0, 
leached series anda depletion pattern, similar to that of 
Ca, in the AASA leached samples. Strontium exhibited 
depletion in all leached ash residues and overall was the 
most extensively depleted of all the monitored elements. 
Both Ba and Sr were slightly enriched, with respect to 
adjacent core sections, in the carbonate enriched 
Surface-edge samples. 

Negative enrichment of Ba in the first column cores of 
the H2S0, leached series was very likely due to the 
immediate precipitation of dissolved Ba as sparingly soluble 
BaSO, (barite). The high concentration of SO2- maintained 
in solution through H2S0O, additions would depress BaS0O, 
dissolution fOr the duration of leaching. The 
concentrations of SOj{” were apparently not high enough to 
induce SrSO, (celestite) precipitation. Depletion of Ba in 
the AASA leached samples displays the dissolution trend of 
Ba in the presence of the organic ligands. The 
exceptionally high enrichment values for Ba in all core 
sections of the Sundance ash leaching series are not 
realistic, suggesting some analytical problems with Ba 
determination. 

The substantial removal of Sr suggests that the largest 


percentage of this element is associated with the highly 
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soluble phases of the unweathered ash. The high correlation 
of Sr with Ca indicates association with CaO, most likely as 
SrO in solid solution with CaO. Dreesen et al. (1978) also 
observed similarities in behaviour of soluble Sr and Ca. 
Strontium association with Ca is likely, since the 
solubility of alkaline earth oxides increases with 
increasing cationic radii whereas other compounds (e.g. 
sulfates) exhibit the opposite trend (Cotton and Wilkinson 
497,2;)-. Barium also probably occurs in solid solution with 
CaO, but not to the the extent of Sr. After leaching fly 
ash for two years with distilled water, Dudas (1981) also 
found Ba negatively enriched and Sr depleted in leached ash 
residues. Lower overall removal of Ba from the ash, 
(considering the Forestburg data only) compared to Sr, 
Suggest that a Significant portion of the total Ba in the 
unweathered ashes is associated with a less soluble phase 
than an oxide. 

The degree of enrichment of the trace elements Co, Cr, 
Gu Mn, “and= Ni in ‘the ferromagnetic fractions of the 
unweathered ashes was very diverse (Table 10). Compared to 
the bulk ashes, the ferromagnetic fractions contained 
Siiughtily, elevatedimiconcentrations) offeCo, Cu, and Ni, 
consistent with the results of Hansen et al. (1981). 
Contrary to the results of Hansen et al. (19838) ta rGr 
contents of the ferromagnetic fractions were lower than the 
bulk ash contents while Mn displayed extreme enrichment. 


Except in the case of Mn, the low ferromagnetic yield 
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suggests that this fraction does not contain major 
percentages of any elements in the bulk ash. Dissolution of 
the ferromagnetic fraction would substantially influence 
only the translocation of Mn among the trace elements in the 
ash. 

The concentrations of the trace elements Co, Cr, Cu, 
Mn, and Ni in the weathered core sections displayed various 
correlations with the major elements Fe and Al, and the 
minor constituent Mg. Differences were notable between the 
two leaching regimes. Only Cr in the 0.005 M H2SO, leached 
samples and Cu in the AASA leached samples were 
Significantly correlated with Fe. Conversely, Cu exhibited 
positive correlations*with Al, and’Cr with Mg®inithe107005°0M 
H2SO, and AASA leaching regimes, respectively. Manganese 
was highly correlated with Mg in all four leaching series 
while Ni was positively correlated with Mg (and Mn) only in 
the H2z,S0O, leached samples. No consistent correlations were 
found for Co, or in the case of the AASA leached samples, 
for Ni. 

The parallel depletion/enrichment patterns for Cr with 
Fe in the H2S0O, leached samples indicates that these 
elements are translocated in a Similar fashion during 
leaching with the mineral acid@"Nsolutions Chromium 
enrichment in the same core sections as Fe _ indicates 
co-precipitation. bepletionvugorstcr loin Nalmostprallpicore 
sections (Tables 5-8) suggests that a significant percentage 


of the total Cr is easily leached from the ash under 
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alkaline conditions. itnahanexenioniconétormr <(suchemasinian 
oxyanion or as a negatively charged complex) Cr would remain 
soluble under alkaline conditions and could be transfered 
cRhreughGtheMco@umnecores. In a ‘cationic “form, Cr. would 
likely precipitate (Eggett and Thorpe 1978). 

Lead (Pb) was the only trace element to exhibit a 
consistently high positive correlation in the weathered core 
residues with the elements Si and K. Some precipitation of 
Pb as PbSO,, Similar to the formation of BaSO,, may have 
occurred in the H2,S0, leached samples. Since enrichment of 
Pb in the first column cores also occurred in the AASA 
leachedtseries;,inhibitionoof Pbmomobilizationvestrictly® ” by 
Sulfate precipitation is unlikely. Negative enrichment of 
Pb in the first column cores is therefore likely due to the 
association of the majority of the total Pb in the ash with 
sparingly soluble aluminosilicate phases. 

The Similarity of other trace element 
depletion/enrichment patterns with major and minor 
components, aS indicated by the significant correlations 
among the components of the weathered ash (Table 11), 
generally indicated removal and precipitation of the 
elements within the same core sections. Copper enrichment 
in the same ash samples as Al and Fe may indicate 
association of Cu with precipitated Fe and/or Al _ phases. 
Correlation of Ni with Mg suggests that Ni may precipitate 
aS a carbonate, similar to Mg, in solid solution with CaCo;3. 


The chemistries of many of the remaining correlated elements 
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are not highly compatable and explanations for the remaining 


positive correlations are not readily apparent. 


C. Residue Mineralogy 


Unweathered Ash 

The X-ray diffractograms .of the bulk Sunweathered. ash 
samples revealed the presence of some crystalline material 
and a large quantity of X-ray amorphous material (Figure 
11). Only’ “twoerystalline minerals ‘were found in ‘the 
unweathered bulk samples: mullite (@Al,03-°2Si0;) Zand 
a-quartz (a-SiO,). The broad humps located between 15°26 
and 35°28 in both patterns indicate the presence of large 
quantities of amorphous glass in both fly ashes. 

The quantritesg of" mullite and< a-quartz. in the’ two 
unweathered ashes were different. The intensities of the 
various peaks in the X-ray diffraction patterns give an 
indication of the relative quantities of crystalline 
minerals in each ash. The 101 peak (3.3438) of a-quartz was 
consistently more intense in the patterns for the 
unweathered Forestburg ash than in the patterns for the 
Sundance ash indicating a larger quantity of e-quartz in the 
former ash. Conversely, the most intense diffraction peaks 
for mullite (3.390 and 3.4288) were much lower in intensity 
and many of the smaller diffraction peaks absent in the 
Forestburg ash patterns compared to the Sundance ash 


patterns. 
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The unweathered ash samples also contained magnetic 
Spinels. The diffraction patterns for the two unweathered 
bulk samples did not exhibit peaks for magnetite. 


Considering the very low content of 


in the bulk samples 


X-ray, Giftiraction methods 


dvtiract2on patterns hOE 


fractions were typical of 


addition to magnetite, the 


Sundance ash also contained 


indicated the broad 


by 
ferromagnetic fraction of the 


Qala ntz. The most 


also evident in the 


however, the absence of 


intense peak for hematite 
Forestburg 


other 


ferromagnetic material 


(Table 10) detection of magnetite by 


is unlikely. The X-ray 


the magnetically separated 


magnetite (Figure 11). In 


ferromagnetic fraction of the 


some amorphous material, as 


humps in the pattern. The 


Forestburg ash contained some 
(2.698) was 
ferromagnetic pattern; 


diffraction peaks for the 


mineral precluded positive identification. 


Almost all the 


fly ashes were spherical (Plate 1A) which is typical of 


dominant particle morphologies of most fly ashes. 


of other morphologies, 


plerospheres, were also identified in both ashes (Plate 


The Forestburg ash 


plerospheres and had a 


Sundance ash which is consistent with the findings of 


(1968). 


most abundant element (after Si and Al) 


Forestburg ash particles, 


including 


contained 


higher 


while 


particles comprising both unweathered 


the 
Particles 


cenospheres and 


PBye 


more cenospheres and 


convents "or. Fe thanethe 


Raask 


Energy dispersive spectra revealed Fe as the third 


in most spherical 


Ca was the third most 
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Plate 


We Scannang electron micrographs and 
energy dispersive spectra Oftint ne 
unweathered fly ash samples. 


The "typical" spherical morphologies of the 
particles of the unweathered fly ash 
samples. 


A plerosphere in the unweathered Forestburg 
ash. 


Energy dispersive spectrum of a "typical" 
Spherical particle of the Forestburg ash. 


Energy dispersive spectrum of a "typical" 
Spherical particle of the Sundance ash. 


Surface morphology of the spherical 
particles of the unweathered Forestburg fly 
ash. 


Surface morphology of the spherical 
particles of the unweathered Sundance fly 
ash. 
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abundant element in most Sundance particles (Plate 1C & 1D). 
The surfaces of all spherical particles in both unweathered 
ash samples appeared smooth, although the Forestburg ash 
particles tended to be much "cleaner" in appearance than the 
Sundance particles (cf. Plate 1E & 1G). Most Sundance ash 
Particles were covered with extremely small (submicron) 
dust-like fragments (Plate 1G & 1H). The Forestburg ash 
also contained these fragments (Plate 1E & 1F) but in lower 
quantities compared to the Sundance ash. 

The infrared spectra of the unweathered fly ash samples 
contained major absorption bands of various intensities 
located within the wavenumber regions of 3200-3700cm™', 
ZooCa7o00cmeay 600. 1800cm *, S900-1200cm=") 65028 50cma acand 
800-500cm. 9) (Figure .112)% The three small sharp peaks 
located in the 2850-2900cm™' region indicate the presence of 
a small quantity of coal in the ash (van der Marel and 
Beutelspacher 1967). The bands within the 3200-3700cm™' and 
T6007 1600cmar regions correspond to vibrations BOT 
structural OH groups and strongly absorbed water, 
respectively (Lyon 1964). The largest absorption band in 
the unweathered fly ash spectra was a very broad featureless 
band located between 900cm~' and 1200cm”~' with a maxima at 
approximately hOZOC Mae rs Such bands are common to 
aluminosilicates and are usually well developed in spectra 
for glassy materials (Leonard et al. 1964, Farmer 1974). 
These bands are usually loosely assigned to (Si-O)- and 


(Al-O)- stretching modes (Farmer 1974). The small broad 
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bandatintethesr650=-850cmr* region corresponds to Si-O-Al 
vibrations and the larger maxima at about 450cm™' is 
generally assigned to Si-O bending frequencies (Stubican and 
Roy 1961a,b). Absorption bands at 630cme'? 67cm: te 
740cm-', and 950cm-', characteristic of CaO (Jacobson and 
Nixon 1968), were not evident in the spectra for any of the 
samples. These bands may have been masked by the large 
broad bands for aluminosilicate materials located in the 


Same regions. 


Leached Residues 

The results of the leachate analyses and other data 
presented to this point indicate that the dissolution of the 
fly ash samples occurred in essentially two transient 
Stages. These stages are dominated by specific solution 
characteristics. The first stage was characterized by 
extreme solution alkalinity and the release of Ca, Na, and K 
from the ash in high concentrations. The first leaching 
Stage gave way fairly quickly to the latter leaching stage 
involving the release of lower levels of Ca, Na, and K along 
wetuhecSite AljOMand wEke cunder acidic conditions. The 
dissolution of these and other constituent elements will now 
be related to the mineralogical characteristics of the 
weathered ash residues and the dissolution of spherical ash 
particles. 

The extremely small (submicron) dust-like fragments 


located on, or slightly imbedded in, the surfaces of the 
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unweathered particles (Plate 1F & 1H) have been noted 
elsewhere (Fisher et al. 1978; Dudas 1981). The precise 
composition of these surface dust fragments is not’ known. 
The composition of individual dust-like flecks could not be 
determined by energy dispersive analysis in this’ study. 
Most fragments are somewhat similar in appearance to 
individual physical components of aggregate particles 
described elsewhere as CaO (Mattigod 1982). The dissolution 
behaviour of the two ashes employed in this study also 
strongly implies that the composition of these fragments is 
indeed Cao. 

The Sundance ash contained a greater quantity of 
dust-like flecks and fragments, compared to the Forestburg 
ash, and also displayed an additional buffering zone in the 
pH region above 12.0 not produced during the weathering of 
the Forestburg ash (Figures 1 & 2). The larger quantity of 
small fragments present in the Sundance ash would have 
effectively increased the amount of surface area per unit 
mass of ash exposed to the leaching solutions. 
Supersaturation of the Sundance ash leachates with Ca, with 
respect to Ca(OH)2, was due to the very rapid dissolution of 
a large quantity of Ca. Supersaturation with respect to 
Ca(OH)2 created the additional alkaline buffer region above 
PH 12.0 at the onset of leaching of the Sundance ash 
(Figures 1B & 2B). The difference in contents of Ca between 
the two unweathered ashes was not substantial (Table 4). 


The greater quantity of Ca dissolved from the Sundance ash, 
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compared to the Forestburg ash, could have been derived 
directly from the additional surface area provided by the 
small fragments. The small flecks were not obvious on _ the 
surfaces of particles in the leached Sundance ash residues 
(ci, -Plates 1H -& ° 2D)-. The small dust-like fragments 
observed in the unweathered ash samples could therefore have 
been the source of CaO in the ashes. 

Such fragments of CaO composition could have been 
produced in the ashes through the decarbonation of limestone 
and/or dolomite “impurities in “the: parent) coal. Most 
boiler-furnace temperatures do not exceed the melting point 
of CaO (2900°C) (Robie 1979). Fragments of CaO formed from 
the decarbonation of carbonates in the parent coal would not 
likely admix with coalescing molten material but would 
rather be expelled, due to surface tension, to the surface 
of the molten ash droplets. Thus the fragments would be 
concentrated on particle surfaces and maintain their 
integrity. 

The highly soluble fraction of the unweathered ash 
samples also contained a variety of elements other than Ca. 
Alkaline earth elements (Mg, Sr, Ba, etc.) are’; common 
impurities in natural carbonate rocks and would very likely 
occur in solid solution with such CaO fragments formed in 
flyeash. During weathering, dissolution of CaO would also 
involve the release of Mg, Sr, and Ba components contained 
in the oxide. These elements were depleted in the ash 


Similar to Ca (Tables 5-8) indicating that they dissolved 
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2.) Scanning electron micrographs and 
energy dispersive spectra of some 1% HF 
etched fly ash particles and some 
weathered fly ash particles. 


Spherical fly ash particles etched with 
lite Hee. 


Energy dispersive spectra of mullite 
crystals found in the 1% HF etched fly ash 
particles. 


Fly ash particles found in the surface core 
section of the first column of the AASA 
leached and the 0.005 M H,S0, leached 
Sundance ash series. Note the surface 
morphologies. 


Energy dispersive spectra of a ferromagnetic 
particle separated from the unweathered 
Forestburg fly ash. 


A ferromagnetic particle from the 
unweathered Forestburg fly ash. 


A ferromagnetic particle separated from the 
Surface core section of the first column of 
the 0.005 M H2S0O, leached Forestburg ash. 
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from a common source in the ashes. 

The high concentrations of Na and K released from the 
ashes at the onset of leaching indicates that these 
constituents are also associated with the CaO phase. Sodium 
and K could either substituted into the oxide or occur as 
distinct phases such as sulfates (Green and Manahan 1978; 
Dudas 1981). The precise forms of the highly soluble Na and 
K constituents is not evident from the data. As discussed 
previously, much more of the total Na than the total K in 
the unweathered ashes is associated with a highly soluble 
portion of the ash», The very low levels of  Al.«released 
under alkaline conditions from the latter columns of the 
Forestburg ash (Figure 8B) suggests that small amounts Al 
may also be an elemental component of the highly soluble 
fraction of the Forestburg ash only. 

Analysis of the weathered ash residues by XRD and IR 
methods and examination of the particles by Scanning 
electron microscopy indicate that the Al and Si dissolved 
from the ash of the first columns of each leaching series 
under acidic conditions was derived from the glassy matrix 
ofethesflyeash particles.. The Xrray diffractogramS.,and ?3R 
Spectra of the ash residue samples from the first column 
Gores #eindacatesathat amullites, enystalspenlocateds hin the 
interior-.of spherical fly-ash particles; become-enriched in 
the ash with weathering. The weathered particles examined 
by scanning electron microscopy displayed direct evidence 
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removed during weathering. 

The preferential dissolution of the glassy material 
from the fly ash particles was evident in the presence of 
outlines of numerous acicular crystals on the surfaces of 
spherical particles from the surface core sections of the 
first columns of each leaching series (Plate 2, D & E). The 
surfaces of the spherical particles in the unweathered ashes 
were essentially smooth (Plate 1). Most spherical particles 
in both fly ashes etched with 1% HF contained an internal 
network»-of ~acicular™ mullite crystals (Al:Si ratio = 3:1) 
enclosed within a matrix composed of amorphous glass (Plate 
2, A-C) very similar to the structures reported by Hulett et 
al. (1979, 1980) and Hulett and Weinburger (1980). Mullite 
@isplaying “other “crystel ‘habits (Hulettwet ale 1979) (were 
not observed in the 1% HF etched samples. Exposure of the 
mullite crystals on the surfaces of the weathered ash 
particles indicates that the enveloping glassy material was 
removed during weathering. 

The XKk-ray diffraction patterns for the ;core section 
samples from the ferst leaching columns displayed 
G@itferences impintensities. of, .the (diffraction peaks, for 
@-duartz “and mullite. The intensities of the diffraction 
peaks tOnm MUllate and quartz in) the patterns for the three 
core sections for the first leaching columns increased from 
the bottom to the surface (Figure 13). The intensities of 
the diffraction peaks for a-quartz increased markedly in the 


Datternsutor the first column ash residues compared to the 
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X-ray diffractograms of the three ash core sections from column one of the 


Sundance ash leached with 0.005 M sulfuric acid. 


Figure 13. 
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unweathered ashes (cf. Figures 11 & 13). The intensities 
of the mullite peaks also increased, but not in proportion 
tothe a-quartz peaks. The ratios of the intensities. of the 
210 mullite peak (3.3908) to the 100 a-quartz peak (3.3438) 
for the surface, middle and bottom core sections from _ the 
first columns of the 0.005 M H2SO, leached Sundance ash were 
0267, .0+62ciand O£S3¢hrespectively (Figure: 43): The same 
peak ratio for the unweathered Sundance ash was 0.47 (Figure 
fivwueaThe diifsactegrams for the cores) sections «from),the 
first columns of all other leaching series were similar but 
displayed less pronounced differences in the peak ratios. 
The differences in the diffraction peak intensities 
indicate that dissolution of the glassy material from the 
ash particles decreased with depth in the ash core according 
to the chemical dissolution gradient within the core. 
Alpha-quartz occurs in fly ash essentially as discrete 
nonfused mineral fragments and possibly as_ recrystallized 
inclusions inside some solid spherical particles (Hulett and 
Weinburger 1980). The solubility of a-quartz is very low, 
approximately 10ug:mL~' at low pH values (Brownlow 1979), 
ands thereforepae . shoudd’ ‘notasdtissolyerhrapidiy pundera the 
ecidicheltedching conditionss\oftethe efirst)])codlumns.. The 
increases in the intensities of all diffraction peaks with 
weathering indicate either negative enrichment of the 
crystalline material in the ashes or removal of amorphous 


coatings covering them. 
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The disproportionate increase in the intensity of the 
mullite peaks, compared to the peaks for a-quartz, indicate 
that the exposure of mullite on particle surfaces increases 
from the bottom to the top of the ash core. These increases 
reflected an increase in the amount of glass removed from 
thevashrfromubottom tossunfacesof Othe) first’ sicobumn vecore, 
The intensity of the weathering gradient decreased within 
the first column as the solution percolating through became 
Saturatedtawithesrespect stoarthesnsolubnpbity°sof othe glass. 
Solutions were saturated with Si and Al on leaving the first 
columns as indicated by the levels of the elements in the 
leachates (Figures 8 & 9). The amount of glass removed from 
the particles therefore decreased with depth in response to 
the weathering gradient. 

The major differences between the infrared spectra of 
the weathered and unweathered samples occurred mainly at 
wavenumbers of less than 1400cm™' that involve vibration 
frequencies for Al and Si. Changes in the absorption bands 
corresponding to vibrations for Al and Si bonds indicate 
dissolution and removal of the glassy matrix of the ash 
particles. The 1025em-' maxima of the large band in the 
unweathered ash _ spectra shifted to slightly higher 
wavenumbers and broadened in the spectra for the surface 
core sections from the first column of the H2S0O, leaching 
series (Figure 12). The spectra for the corresponding AASA 
leached sample displayed the same tendencies but the _ bands 


were less developed (Figure 12). The broadening of the 
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largest band was primarily due to two shoulders in the 
1100-1200cm-' and 900-1000cm-' ranges, most obvious in the 
H,SO, leached sample. The shoulder in the higher wavenumber 
region and the band maxima of the large band both correspond 
to Si-O stretch vibrations while the lower wavenumber 
shoulder is usually assigned to H-O-(Al) liberation (bending 
of O-H co-ordinated with Al) vibrations (Stubican and Roy 
1961a,b; Farmer 1974). Increases in the intensity of the 
460cm-' band maxima and separation of the broad band in the 
1200-1000cm-' region into sharper more distinct bands 
generally corresponds with negative enrichment of Si in the 
weathered samples and possibly the purification of Si 
phases. Increases in the intensities of the Si-O-Al stretch 
absorption bands between 650cm™' and 850cm™' suggest a 
greater predominance of Si-O-Al bonds in the weathered ash 
samples. These bonds would be present in mullite more_ so 
than in glass. The small broad 650-850cm™' band separated 
into sharper individual bands with weathering. The maxima 
aeresodem.', Spécafiecably lcorrespondmmgettoracSisOcAl stretch 
vibrationelAltin. 84efold (coordination) we(Stubican) andavRoy 
1961), further indicated that the weathered samples 
contained a greater quantity of crystalline material 
compared to the unweathered samples. The appearance of the 
distinettabsorptaonWbandsorforeimullite tor etheeiweathered 
samples instead of the broad non-specific absorption bands 
of glassy material in the unweathered ash spectra further 


indicated that the amorphous glass enveloping the mullite 
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crystals was removed selectively. 

Differences in the levels of acid ammonium oxalate 
extractable Al and Si between most of the first column core 
sections and the respective unweathered ashes suggested that 
the amorphous glass of the ash is composed of two major 
phases: a highly reactive glass phase associated with the 
exterior of ash particles anda less soluble glass phase 
associated with the interior regions. Oxalate extractable 
levels of Al and Si were much lower in most of the first 
column core sections compared to the values for other 
samples from the same leaching series and the respective 
Unweatherea ashes (Tables 12 & 13). Most of the Si. and Al 
dissolved from the first column was derived from the glassy 
matrix of the surfaces of the spherical particles. The 
lower AAO extractable levels of Al and Si only in the first 
column cores indicated that the residual glassy material 
remaining after weathering is much less soluble than the 
reactive glassy material that iNnitiarly coated the 
particles. Comparable levels of AAO extractable Si and Al 
in the weathered samples (other than from the first column), 
and in respective unweathered ashes, indicated that reaction 
of the exterior glass was restricted to the samples of the 
first columns (greatest weathering intensity). The H2S0O, 
weathering regime was more effective in dissolving the 
reactive glassy phase than was the organic acid regime. 

Other alterations with respect to the unweathered ash, 


not obvious in the SEM photographs or the infrared spectra 
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of the first column surface core sections, were detected in 
the DTA patterns (Figure 14). The broad absorption bands in 
the pintrared spectra Ofs the first column surface) core 
sections of the mineral acid leached and the organic acid 
leached samples located Wicthitiethe 3200-3700cm ") and 
1600-1800cm-' regions, correspond with vibrations for 
structural OH groups and strongly absorbed water, 
respectively (Lyon 1964). These absorption bands did not 
differtiisubstantially in. size, shape, or spectral location 
from the unweathered ash spectra (Figure 12). The DTA 
pauterm for ghe first..column surface core=section/of the 
0.005 M H2S0, leached series displayed a broad endotherm at 
125°C while a similar endotherm was not observed in the 
patterns for the companion AASA leached samples and the 
unweathered ashes (Figure 14). DTA patterns for the 
remaining core sections of the H2S0O, leached and AASA 
leached first columns were similar to their respective 
surface core sections. This indicated that the mineral acid 
leached ash contained more adsorbed water and/or OH groups, 
than the ash of the companion AASA leached series and the 
unweathered ash. Greater hydration of the first column ash 
samples due to leaching with H,SO, is also indicated in the 
loss on ignition (LOI) values (Table 14). The LOI values 
for the first column core sections of the H:S0O, leached 
series were considerably greater than those for the 
comparable AASA leached samples. These data indicate that a 


larger amount of adsorbed water was associated with the 
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Figure 14. DTA patterns for selected weathered and 
unweathered fly ash samples. 
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H2SO, leached residue samples. 

The presence of adsorbed water in the weathered samples 
may be explained by more than one mechanism. The presence 
of adsorbed water only in the H2S0, leached samples may 
possibly be related to the greater degree of solid state 
mugratronsofeunivalent  uelements< The appearance of the 
H-O-(Al) shoulder betweem 930 and 980cm™~' on the large 
absorption band in the IR spectra for the H2S0, leached” 
sample (Figure 12) suggested the presence of OH groups 
within the aluminosilicate matrix of the ash in 
€o-Ordinasionmavith).Al. Formation of structural OH groups 
may possibly be due to proton substitution for cations. As 
discussed in previous sections, the first column cores of 
the H,SO, leached series were more depleted in Na compared 
to the first column core AASA leached samples (Tables 5-8). 
The larger amount of absorbed water might also be due to 
hydration of the ash particle surfaces through reactions 
with the mineral acid. The differences definitely indicate 
some basic dissimilarity in the dissolution mechanisms of 
the two types of acidic leaching solutions. 

The ferromagnetic particles in’»ethe sash were. also 
selectively dissolved during leaching. Ferromagnetic 
particles are uSually spherical. They are very similar to 
non-magnetic aluminosilicate spheres, except that in many 
cases they can be visually distinguished by the rough 
appearance of parts of their surfaces (Plate 2G). During 


weathering, portions of the ferromagnetic particles 
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associated with smooth surface patches tended to _ be 
selectively dissolved leaving a _ skeleton-like structure 
(Plate 2H). The internal skeletons of ferromagnetic 
particles were composed of many small cubic components 
reflect ingesthenecibic sicrystal lesthuctureriof spinelsspcThe 
smoother appearing surface patches were more soluble than 
the interior skeletons. The dissolved ‘portions of the 
particles were likely composed of the elements included in 
the bulk composition of the ferromagnetic fractions (Table 
10) but are not commonly substituted into spinel structures 
(e.g. CaPigNare ik). Hulettmettal. o€1979 161980) (found HCL 
extracts of ferromagnetic fractions to contain high levels 
Off iNnaé andgeek: Since Mn likely substitutes for Fe in the 
Spinel structure, both elements would not likely be 


extensively dissolved from ferromagnetic particles. 


Precipitation Products 

A variety of discrete mineral species and other mineral 
materials were found in the illuvial ash columns. Three 
groups of precipitates were distinguished: those associated 
with Ca, those associated with Fe, and those of 
aluminosilicate nature. Calcium precipitates were formed 
under a variety of conditions and were widely dispersed 
within the ash cores. Translocation of Fe was limited to 
the acidified cores. Precipitation products of Fe 
accumulated primarily within the same column cores from 


which the Fe was derived. Aluminosilicate precipitates 
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occurred in limited quantities’ within a range of core 
sections. 

The white (10 YR 8/1)d precipitate deposited in 
greatest quantities on the surfaces of the ash of the fourth 
and fifth columns for all four leaching series was composed 
Brimariuiy of CaCO, ingthe fowm of calcite (Figures; 15 & ~16). 
Dhewx-cay Gittractiom, Datteuns= of ‘the ‘fougen and fifth 
column surface precipitates for both the AASA leached and 
0.005 M H,SO, leached series were typical of calcite. | DTA 
patterns for the same samples all displayed large endotherms 
at 925°C (Figure 14) also diagnostic of calcite (Webb and 
Fruger 1970). Calcite was also detected by XRD in the 
surface precipitates and surface-edge samples of 
nonacidified third columns, the surface-edge samples of all 
fourth and fifth columns and in the surface core sections of 
the for oh columns of some leaching series. Small 
rhombohedral crystals of calcite were identified in many of 
the third, fourth, and fifth surface precipitate samples 
(Plate 3A & 3B). Other core sections contained carbonate 
(Table 9) but calcite or other carbonate minerals were not 
detected by KRD, DTA; Sor IR, methods in» these ‘samples. 
Calcite is the most stable phase of Ca at pH values greater 
than 7.5-8.0 and atmospheric COz partial pressure (Lindsay 
1979). The mineral precipitated under alkaline conditions 
in the leaching columns regardless of the type of leaching 


solution. 
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3. Scanning electron micrographs of some 
calcium-rich precipitates from selected 
weathered ash samples. 


Rhombohedral crystals of calcite (CaCO3;) in 
the surface precipitate from the fourth 
column of the 0.005 M H,SO0, leached Sundance 
ash series. 


Energy dispersive spectra of A. 


Bladed gypsum (CaS0O,-:2H,20) crystals in the 
surface precipitate from the second column 
of the 0.005 M H2S0, leached Forestburg ash 
series. 


Orthorhombic Ca-rich crystals (aragonite?) 
in a fibrous interwoven mass of submicron 
Sized acicular crystals covering the surface 
of a spherical fly ash particle; from the 
bottom core section, column four, AASA 
leached Forestburg ash series. 


Discrete orthorhombic Casracn crystals 
(aragonite?) admixed with some fly ash 
particles; from the surface core section, 
column four, 0.005 M H2S0, leached Sundance 
ash series. 


Energy dispersive spectra of the crystals 
yoy | Upper spectra = crystals, lower 
spectra = spherical particles. 


Orthorhombic Ca-rich crystals (aragonite?) 
covering the entire surface of a large fly 
ash particle. Note the tangental 
Orientation of the crystals to the particles 
surface. Found in the bottom core section, 
column four, AASA leached Forestburg ash 
series. 
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With changing pH conditions other Ca-bearing minerals 
were formed in the leaching columns. Gypsum (CaSO, -2H20) 
was detected by XRD in the surface precipitates of the 
acidified columns of each 0.005 M H.,SO, leaching ‘series 
(Figure Sa) The infrared spectra of the surface 
precipitates of the second column of the H2S0, leached 
Forestburg ash (Figure 17) displayed absorption bands 
typical of ‘naturally occuring gypsum-=(vane= der Marel = and 
Beautalspacher AGG) Bladed gypsum crystals were 
identified by SEM in the same sample (Plate 3C). The DTA 
pattern for the comparable Sundance ash sample (Figure 14) 
exhibited two dehydration endotherms at 160°C and 175°C 
indicative of gypsum, but lacked the small exothermic peak 
in the 320-280°C range which is usually also present in DTA 
patterns of pure samples of gypsum (Berg 1970). Absence of 
the small exotherm is likely due to dilution of the sample 
with the Al2,03; necessary for sample preparation for DTA. 

Instead of gypsum, an unidentified crystalline material 
was detected by XRD in the companion AASA leached samples 
(Figure 16). X-ray diffraction characteristics of the 
surface precipitates from the second and third columns 
leached with AASA could not be matched with any available 
XRD standards. DTA patterns of the samples displayed minor 
reaction in the 200-700°C range (Figure 14) which could 
arise from organic materials in the sample (Mitchell and 
Birnie 1971). The infrared spectra of the sample (Figure 


18) displayed a number of sharp narrow absorption bands 
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normally associated with organic compounds (Alpert et al. 
1970). The two infrared absorption maxima at 1610cm™' and 
1580cm-' (Figure 18) specifically identify the compounds(s) 
as containing conjugated o-hydroxyl phenol groups (Randall 
1949) suggesting that salicylate complexes formed part of 
the precipitate. The small absorption band at 760cm™' 
further implicated the ortho-substituted benzene ring 
Structure of salicylate (Randall 1949). 

The salicylate compounds present in the acidified 
surface precipitates are undoubtly derived from salicylic 
acid from the AASA leaching solution. Salicylate is capable 
of forming numerous complexes with many of the elemental 
constituents of fly ash. Salicylate complexes in general 
are less soluble than salicylic acid (Chaberk and Martell 
1959). The organic compounds in the surface precipitates of 
the acidified AASA leached columns are therefore likely a 
mixture of salicylate compounds formed from the reaction of 
Salicylic acid with numerous major and minor ash 
constituents (e.g. Ca, Mg, Fe, Al). 

Calcite was replaced by gypsum in the surface 
precipitates of the acidified columns of the H2,S0O, leached 
series. TheyeeransrormatioOnw<tromaxcalcite, to gypsum.) 1s 
evident in the XRD patterns of the surface precipitates from 
the second, third, and fourth columns of the 0.005 M H2S0, 
leached Forestburg ash series (Figure 15). Gypsum was the 
only crystalline Ca phase in the surface precipitate of the 


acidified second column. Calcite was the dominant mineral 
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in the @ticnacidified Otfotrth Gand ¥-fiith)oveolunm surface 
precipitate. Both calcite and gypsum were evident in the 
Surface precipitate of the third column in which pH values 
of the leachates were just beginning to drop from alkaline 
to acid ranges. Gypsum is the most stable Ca phase when 
SO4”> activities are greater than 0.001 M and pH values are 
less than 7.5 (Lindsay 1979). Calcite formed in the surface 
precipitate under alkaline conditions would redissolve in 
acadi cvisolution’: Gypsum likely precipitated through the 
reaction of Ca, redissolved from calcite, with SO2- derived 
from -“H2SO,. The gypsum would be persistent in the surface 
precipitate! *becausew "of \ high Wconcentrationsihof *7SO#= in 
solution. 

Small amounts of gypsum were also detected in the 
sates eter surface precipitate samples of the nonacidified 
columns? SAbsorption “bands at™1135cem-> @2t67S5em- Oy and’.615cm~™' 
(Figure 17) were evident in the IR spectra of the fifth 
column surface precipitate of the 0.005 M H2S0O, leached 
Sundance ash series. These bands are indicative of gypsum 
(van der Marel and Beutelspacher 1976). The presence of 
these bands in this sample indicate that gypsum formed with 
calcite under highly alkaline conditions. Formation of 
gypsum in the nonacidified columns likely occurred during 
initial leaching stages when Ca concentrations were very 
high and in excess of gypsum solubility. Gypsum would be 
persistent in the latter columns also because of high 


concentrations of ‘S077 *in solution. 
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Precipitation of the salicylate compounds in the 
companion AASA leached surface precipitates (Figure 16) 
likely occurred ina manner similar to gypsum formation in 
the H,S0O, leached samples. This implies that the main 
inorganic component of the salicylate precipitate(s) was Ca. 
No salicylate was detected by IR analysis in the surface 
precipitates of the nonacidified columns of the AASA leached 
Series, indicating that the Ca-salicylate is more _ soluble 
than gypsum. The higher levels of Ca released from the AASA 
leached columns compared to the H:SO, leached columns after 
acidification reflects the much greater solubility of 
Ca-salicylate complexes compared to the solubility of Ca 
dissolved from the ash by H2S0O, (Figures 3 & 4). 

Carbonates deposited within the nonacidified ash of the 
latter columns of each leaching series (Table 9) did not 
occur in sufficient quantities to be detected by XRD, IR, or 
DTA analysis. Examination of samples containing carbonates 
by scanning electron microscopy (SEM) revealed the presence 
Of "Sau vartety "ofa Ca-rich: crystale | Plates 3 °& 4). Most 
Ca-rich crystals were less than a few microns in length. 
Most formed fibrous interwoven mesh-like coatings on the 
surfaces of fly ash particles (Plates 3D & 4C). The size of 
the crystals comprising the coatings was generally uniform 
for any given particle but varied for particles in different 
locations in the core sections (cf. Plates 3D & 4C). Larger 
crystals which formed coatings were oriented tangentially to 


the spherical particle surfaces (Plate 3G & 3H), similar to 
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Plate 


4, Scanning electron micrographs of 
precipitation products from selected 
weathered ash core sections. 


Long acicular crystals formed on the surface 
of a large fly ash particle from the surface 
core section of the fifth column of the AASA 
leached Sundance ash Series. 


Large acicular crystals admixed with 
Spherical fly ash particles from the same 
core section as A. 


A mesh-like network of interwoven fibrour 
Ca-rich material forming a continous coating 
over a number of spherical ash particles 
from the fourth column bottom core _ section 
of the 0.005 M H2SO, leached Forestburg ash. 


Platy crystals formed among spherical fly 
ash particles from the surface core section 
of the fourth column of the 0.005 M H2S0, 
leached Sundance ash series. 


Cementitious material forming a bridge 
between two spherical fly ash particles from 
the bottom core section of the fourth column 
of the AASA leached Forestburg ash series. 


Coatings, possibly composed of amorphous Fe, 
covering spherical fly ash particles from a 
selected Fe-rich pocket in the first column 
bottom core section of the 0.005 M H2S0, 
leached Forestburg ash series. 
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the orientation of anaqoniee (Caco; ) crystals which form as 
coatings on oolitic particles in marine enviroments (Blatt 
ebisgal. thosoym Some dissolved material also formed platy 
Shaped crystals and bridges which cemented some particles 
together (Plate 4, D-F). Many larger discrete crystals 
resembled orthorombic or hexagonal rods (Plates. 3E, 4A & 4B) 
which were either associated with particle surfaces (Plate 
3D) or admixed with the spherical ash particles (Plate 3E). 
The morphologies of many of the crystals are not typical of 
calcite; they are believed to be aragonite. 

The formation of Fe precipitates in the weathered ash 
was evident in the development of rust coloured bands. The 
form of the Fe precipitates in the bands was not determined 
by XRD, DTA, or IR analyses. Instead, acid ammonium oxalate 
(AAO) and sodium citrate-bicarbonate-dithionite (CBD) 
extractants were employed to establish the mineral form(s) 
of the Fe precipitates. 

Oxalate and CBD extractants are frequently used to 
distinguish relative amounts of amorphous and crystalline 
forms of Fe and Al in soils (McKeague et al. 1971). 
Citrate-bicarbonate-dithionite extraction dissolves both 
amorphous and crystalline phases. Oxalate extraction 
primarily dissolves amorphous’ forms. The difference in 
quantities dissolved with the two extractants gives an 
estimate of crystalline forms (McKeague and Day 1966). 

The quantities of Fe extracted from the unweathered 


ashes and most of the weathered ash core sections using CBD 
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were consistently less than the quantities extracted using 
AAO. The high alkalinity of most of the samples likely 
raised the pH values of the CBD extraction solutions to 
levels considerably higher than the optimum range (pH=7.3) 
for Fe dissolution (Mehra and Jackson 1960). The quantities 
of Si, Al, and Mn dissolved from most of the ash _ samples 
uSing CBD were also much less than the values for AAO 
extraction (Appendix, Tables 43-46). Since it was not 
possible to meaningfully interpret the CBD data, discussion 
will be restricted to the AAO data. 

Data for acid ammonium oxalate extractable Fe (Tables 
12 & 13) indicate that at least some of the Fe translocated 
during weathering was deposited in an X-ray amorphous form. 
The proportions of total Fe as AAO extractable Fe were 
highest in core sections that contained rust coloured bands 
(Tables 12 & 13). The same samples also contained the 
highest content of total Fe (Tables 5-8). These increases 
in AAO extractable levels indicate that Fe deposited in the 
Fe enriched core sections precipitated in an amorphous form. 
Particles from small localized pockets enriched in Fe (based 
on colour) from the first column bottom core section of the 
H2SO, leached ashes were coated with material that may be 
amorphous Fe (Plate 4G & 4H). Particle coatings with this 
particular appearance were not observed in other samples. 

The acid ammonium oxalate extractable Fe values (Tables 
12 & 13) also reflected differences between the two leaching 


regimes. Acid ammonium oxalate extractable levels of Fe in 
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the first column surface core sections were much lower than 
in the unweathered ashes while values for the AASA leached 
Samples were equal to or greater than the unweathered ash 
values. This difference is related to the greater depletion 
of total Fe in the H2S0, leached samples compared to the 
AASA leached samples (Tables 5-8). The mineral acid removed 
the AAO extractable forms of Fe from the ash while the AASA 
leaching increased the AAO extractable percentage of the 
total Fe in the ashes. 

Acid ammonium oxalate extractable levels of Fe in all 
nonacidified ash cores were generally slightly greater than 
the values for the respective unweathered ash samples 
(Tables 12 & 13). Translocation of Fe into the nonacidified 
columns did not occur as the leachates entering these 
columns contained no detectable levels of Fe (Figure 10). 
The slight increase in the quantities of AAO extractable Fe 
in the core sections of these columns compared to the 
unweathered ashes were likely due to the differences in the 
efficacy of the extractant. Unreacted CaO in the fresh ash 
would tend to neutralize the acidity of the AAO thereby 
diminishing Fe extraction. 

The patterns of AAO extractable levels of Mn in each 
leaching series were Sintlar Sito Rewtexceptti that sino 
differences occurred between the two leaching regimes for 
the first column surface core sections (Tables 12 & 13). 
The percentage of Mn extractable with AAO in all core 


sections of all leaching regimes were greater than in the 
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unweathered ashes. Extractable percentages of Mn _ were 
Similar for the two leaching regimes. Dissimilarities in 
the extraction patterns for Mn and Fe suggested they do not 
Originally occur in the same fraction of the ash. 
Similarities in the patterns of extractable Mn and Fe for 
the other core sections suggests that Mn shares ae solid 
phase form with Fe in the precipitation products. 

Analyses of weathered ash samples by XRD, DTA, and IR 
methods indicate that Al and Si precipitated in the ashes as 
an aluminosilicate clay mineral having short-range order. 
The occurrence of such materials has not previously been 
documented in weathered fly ash. Most of the clay material 
occurred in surface precipitate samples of the third columns 
in each series. The XRD pattern for the surface precipitate 
Sample from one of the leaching series displayed broad peaks 
indicative of allophane. DTA patterns for the sample 
displayed endotherms indicative of both allophanic and 
imogolite material. The IR spectra for surface precipitate 
Samples from the AASA and H2SO, leached series displayed 
absorption bands indicative of allophane and imogolite, 
respectively. Gel-like material Sara tir in appearance to 
allophane and some thread-like strands characteristic of 
imogolite were observed in transmission electron micrographs 
of the precipitated material. 

The XRD pattern for the surface precipitate from the 
third-columnlo€vthe 0005 M H2SO, leached Forestburg ash 


series (Figure 15) displayed evidence for the presence of 
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two minerals. Along with sharp diffraction peaks 
corresponding to the crystalline structure for gypsum, three 
vety broad! reflections “with? d=spacings!*of approximately 
3.3A, 2.2A, and 1.48 were also evident in the pattern 
(Bigureion se These broad peaks correspond well with most 
d-spacings documented for allophane (Wada and Yoshingaga 
1969) and some of the more intense spacings for imogolite 
(Wada and Yoshingaga 1969; Brown 1980). The most intense 
Serecueion (11-208) usually observed in XRD patterns for 
allophane and imogolite and other minor reflections 
associated mostly with imogolite were not discernable in the 
pattern.’ The broadness of the reflections “are typical of 
allophane. 

The DTA pattern for the same sample displayed one very 
large endotherm at 150°C, a small endotherm at 415°C, anda 
small exotherm at 955°C (Figure 14). These deflections also 
appear in DTA patterns documented for imogolite (Wada 1977). 
DTA patterns for allophane are very similar to those for 
imogolite except that patterns for allophane do not display 
small endotherms in the 390-420°C range which occur due to 
lossr-of@structural OHngroups!iin imogolites(Wadai1977)% Athe 
disproportionately large size of the first endotherm (150°C) 
in the sample pattern (Figure 14), compared to the smaller 
endothermic and exothermic deflections, is likely due to the 
loss of structural water from gypsum in the sample. 

The infrared spectra for the surface precipitate 


samples from the third columns of both the AASA and H,S0, 
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leached Forestburg ash series also exhibited absorption 
bandsechara¢terhstic cofumimogélites (Figure) +18). The IR 
spectra «for ‘they third columnesurface precipitate from the 
H2S0, leached Forestburg ash _ series displayed strong 
absorption bands with maxima at wavenumbers of approximately 
s200emne", @hezoem ‘mPti25cmas, 885em EregOSeme', 430cmas, and 
345cm"' (Figure 18). The IR spectra for the companion AASA 
leached samples displayed weaker bands of Similar 
eo eoenbers indicative of allophane rather than imogolite 
(Farmer et al. 1977, 1979). Other less developed bands in 
the mineral acid leached sample spectra appeared as 
shoulders around the 605cm”~' maxima at 665cm-', 560cm-', and 
sO0cmTNs An IR spectrum for imogolite also generally 
displays major bands in three regions: Z2000-3800cmea%? 
1400-1600cm-', and 650-1200cm-' (Wada 1977). Gypsum was 
evident in the sample with the appearance of the large 
absorption maxima at 1125cm~' and the weakly expressed 
Shoulder at 665cm™"'. The absorption bands for gypsum at 
1685emi4%, 1620cma';iand 605cm™ “\would overlap with bands for 
imogolite (van der Marel and Beutelspacher 1976). As 
described earlier, the sharp narrow bands in the AASA 
leached sample spectra corresponded to frequencies for 
Organic compounds. 

Changes in the IR spectra between heated and nonheated 
Samples have been used to determine the presence of 
imogolite in soils. Farmer,.and -co-workers» (1977, 1978) 


indicated disappearance the 346-348cm-' absorption band with 
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heating to 350°C is diagnostic of imogolite. Heating the 
sample of the third column surface precipitate to 350°C 
caused the 345cm™' band observed in the untreated sample 
spectrum to disappear along with all other bands 
corresponding to imogolite (Figure 18). The bands remaining 
in the spectra after the heat treatment, located at 
wavenumbers of 600emrH; 6 Seme 2 675emee,  AtAdQemsaiys 
1155cm™', 1640cm-', and 3415cm~', corresponded to anhydrite 
(CaSO,) (van der Marel and Beutelspacher 1976). The two 
very broad bands at approximately 1035cem-' and 445cem-' can 
beteassigned tov (SieO)-yands (Al=O)-@ stretching modes’ (Farmer 
1974). 

The occurrence and formation of allophane and imogolite 
inssoilsy formediin® material sofanvolecanicomorigin Sis “well 
documented (e.g. Fieldes 1966; Wada et al. 1972; Aomine and 
Mizota 1973; Wada and Aomine 1973; Wada and Harward 1973 °° 
Dudas and Harward 1975). Allophanes are members of a series 
of naturally occurring hydrous aluminosilicates of somewhat 
variable composition (van Olphen 1971). Allophane is 
generally assigned the composition Al203;-2Si0,:nH,0 (Wada 
1977). Allophanes may occur alone or with imogolite, but 
imogolite always occurs with allophane. Allophane is 
generally thought to be a precurser to imogolite (Wada 
1977). Imogolite (A12,03;:Si0,-°-2.5H,0) has a slightly 
different composition and more highly ordered structure than 
allophane. Imogolite is visually characterized by smooth, 


usually curved strands or threads approximately 100-3008 in 
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diameter that may extend up toa few microns in length. 
Allophane occurs as 35-508 diameter spherical units which 
are commonly found grouped together as irregular aggregates 
or gels (Wada 1977). 

The formation of materials characterized by allophane 
and imogolite during the weathering of fly ash could occur 
Similar to their formation in volcanic ash soils. Allophane 
and imogolite form through a process of component 
dissolution and reprecipitation as opposed to direct 
alteration (Eswaran 1972). The process requires the 
presence of an easily weatherable form of aluminosilicate 
lacking ordered structure (Fieldes 1966). Precipitation of 
allophanic material can occur from solutions containing 
Grssolved, SaO.sAl oO saineratros: ranging ef rom {sone rst o;hothree 
(Wada 1977). Imogolite tends to form when S$i02:A120; ratios 
are close to one (Aomine and Mizota 1973). The $102:Al1,03 
ratios of the leachate solutions after passing through the 
acidified first and second ash columns of the H2S0, leached 
Forestburg ash series were approximately 0.8 (Figures 8 & 
9). Siilicon was therefore in excess of the above mentioned 
ratios but incorporation of excess Si or Al into allophanic 
Structures is possible (Farmer et al. 1979). inh Soils, 
allophane and imogolite form as dispersed complexes in acid 
solution (pH<5.0) which precipitate as ‘solution, pH values 
rise into the 5.5-8.0 range (Wada and Kubo 1975; Farmer et 
al. 1979: Anderson et al. 1982). Similar conditions would 


be encountered when leaching solutions containing Si and Al 
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dissolved from the acidified first and second columns 
percolated through the alkaline ash columns within each 
series. Increases in the acid ammonium oxalate extractable 
levels of Al in the bottom of the second columns and much of 
the third columns of each leaching series (Tables 12 & 13) 
also suggested that some aluminosilicate material 
precipitated within this broad range of core sections. 

Structures observed by transmission electron microscopy 
in the third column surface precipitate samples of the 0.005 
M H2SO, leached Forestburg ash series confirmed that 
aluminosilicate materials of short-range order were indeed 
formed during the weathering of the ash. Transmission 
electron micrographs of the surface precipitate material in 
the 0.005 M H,SO, leached Forestburg ash series are shown in 
Plate. 5. Much of the material was filmy and gelatinous in 
appearance (Plate 5A-D) similar to amorphous materials that 
coat the surfaces of weathered soil minerals (Jones and 
Uehara 1973) or aggregate globules formed in weathered 
pumice beds (Kitigasa 1971; Sudo et al. 1981). Material 
displaying the long thread-like morphology characteristic of 
imogolite (Wada et al. 1970) was not apparent; however, some 
gel-like clumps did contain parallel structures which may be 
the initial development of imogolite threads (Plate 5E & 
Shay 

The amorphous aluminosilicate material formed during 
the mineral acid weathering of the ashes may best be 


described as proto-imogolite. Proto-imogolite resembles 
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5. Transmission electron micrographs of 
material in the surface precipitate 
Sample from the third column of the 
0.005 M H2S0, leached Forestburg ash 
series. 


Gelatinous material similar in appearance to 
amorphous silicate and aluminosilicate gels 
commonly associated with weathered volcanic 
ash and pumice deposits. 


Gel-like material formed as discrete globs 
and as coatings on some solid opaque 
fragments. 


Gelatinous material containing some very 
small uniformly separated filiform 
structures orientated parallel to each 
other. These units are possibly the 
beginning of the development of imogolite 
strands. 


The bar in each photo equals 0.1um. 
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Use: 


imogolite in composition, analytical behaviour, and likely 
Structure on a molecular scale, but it does not exhibit the 
tubular morphology of imogolite (Farmer et al. 1978, 1980). 
X-ray amorphous material more characteristic of allophane 
was found in the organic acid leached ashes. The presence 
of the organic compounds are known to inhibit the formation 
of imogolitersine soils’ .(Wada» 1977). The presence of 
proto-imogolite and allophane in the weathered fly ash 
Samples indicates that after the alkali producing components 
of fly ash are depleted, weathering apparently proceeds in 
manner very similar to the weathering of volcanic ash or 
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Vv. SUMMARY AND CONCLUSIONS 


The present investigation was initiated to ascertain 
the chemical processes and mineralogical transformations 
accompanying the artificial weathering of fly ash. In this 
study the chemical. weathering of fly ash was accomplished 
through accelerated leaching, simulating weathering as it 
might occur over a very long period of time in a large fly 
ash disposal site located’at or near the land's surface. 
The decomposition and dissolution of fly ash was evaluated 
in terms of association of the major chemical elements with 
phases and physical components of fly ash. The results were 
also evaluated in terms of the formation and redissolution 
of secondary phases in response to a simulated weathering 
gradient. 

The results of this investigation can be used to 
construct a conceptual model of the chemical nature of 
spherical fly ash particles. This model elaborates on 
previous concepts outlined elsewhere. Moseme"itypical® larly. 
ash particles are micron-sized spheres composed primarily of 
Si and Al with lesser and varying amounts of Ca and Fe. The 
two ashes employed in this study were alkaline in reaction 
with Ca as the third most abundant constituent. The results 
of this study indicated the surfaces of unweathered fly ash 
particles are coated with varying quantities of very small 
(submicron) fragments composed primarily @-of) ~Cad0% A 


eonsiderable’ portion of’ the interior of fly ash spheres 
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contain networks of small acicular crystals of mullite 
(BAT. OLe2Sn0,)hewhitchtiancongruently crystallized during 
cooling of the precursor molten droplets (Hulett et al. 
mopOpeterhearesuduale Gnterstitia let mél tind ormsss a8) Simrich, 
Al-poor glass enriched ina variety of elements that were 
excluded from the mullite crystals. 

The results obtained here suggest that the glass matrix 
is comprised of two phases characterized by different 
solubilities. The nature of the two glass phases is 
dictated by their elemental compositions. Glass in the 
external regions of the particles tended to contain higher 
concentrations of many elements (e.g. Cay Mojt Peja Ald 
Sompared-atoenthel Sirracht@® interior ‘regivonsks Thesexterior 
glass was also considerably more reactive than glass of the 
interior. Enrichment of some elements in the exterior glass 
region is likely a result of element migration within the 
glass melt during solidification. Mechanisms for such 
migration have been suggested previously (Hulett et al. 
1979). The diversity and quantity of elements associated 
with the exterior glass (compared to a purer Si glass of the 
interior) enhanced its solubility compared to the interior. 
The concentration gradients from surface to interior may be 
element specific. The central regions of most spherical 
particles are apparently composed essentially of Si admixed 
with the major portions of some minor and trace constituents 


such as K, Na, and Pb. 
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The aforementioned conceptual model is in agreement 
with the weathering characteristics observed in this study. 
The initial weathering stages of the fly ashes were in part 
characterized by the dissolution of Na and K salts. Both K 
and particularly Na were dissolved in high concentrations 
from ‘the ashes at the onset of leaching. This study 
revealed that the proportion of the total Na associated with 
the highly soluble salt fraction, most likely sulfate salts 
as suggested by Green and Manahan (1978) and Dudas (1981), 
is) “much @toreatenietham the percentage of total K associated 
with ©sthe *chighly ‘*sobuble Sfraction (ie. Na waS more 
leachable than We The results aid notataid won 
identification of discrete Na or K phases that might 
comprise: part itofs the heflya ashe iparticles..« These soluble 
phases were likely incorporated into the exterior glassy 
matrix’ of the particles «or ‘they may ‘have occurred as 
discrete fragments, indistinguishable from CaO, located on 
the surfaces. Most of the Na and K in the ashes tended to 
be associated with the internal glassy matrix. Solid state 
migration of Na from the internal matrix to the surface 
under acidic conditions may be a significant mechanism in 
the removal and depletion of Na in fly ash. 

Initial weathering stages were also characterized by 
the hydrolysis of CaO and the subsequent development of 
extremely alkaline leaching solutions. The hydrolysis of 
CaO and the dissolution of the hydrolysis product, Ca(OH)2, 


accounted for the extreme alkalinity of the initial leachate 
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solutions. The alkaline reactivity of fly ash has 
previously been related to high contents of Ca (Theis and 
Wirth 1977). The two ashes employed in this study did not 
differ greatly iniecontents.eoce Caatbutertheiebuttering 
capacities were notably different. The percentage of total 
Gastintltlyagash dah athelitormiotacaorocctrrangtasrdiscrete 
fragments on particle surfaces appeared to be more critical 
than total content of Ca in dictating ash reactivity and 
degree of sustained alkalinity. 

After soluble Na and K salts and CaO are removed from 
the ash, weathering causes selective dissolution of particle 
surfaces. Selective dissolution of the glassy matrix was 
evident in the exposure of mullite crystals contained within 
fly ash particles. Chemical analysis of the weathered ash 
residues suggested that much of the Ca and Mg not associated 
with the oxide phase are contained in the surface glass. 
Other major elements, including Al not associated with 
mullite and Fe not associated with ferromagnetic particles, 
were also associated with the exterior glass phase. The 
occurrence of an external glass phase of higher solubility 
than glass of the interior portion was suggested by data for 
extractable Al, Fe, and Si. 

Significant differences were observed between the _ two 
ashes in the elemental release patterns for Si_ under 
alkaline conditions. Under moderate alkaline conditions the 
levels of Si in the leachates of the Sundance ash were much 


greater than levels in the Forestburg ash leachates. These 
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differences indicate the distribution of each element (like 
Si) among soluble salt phases, crystalline phases, and 
more-soluble and less-soluble glass phases partially 
dictates its dissolution and release characteristics. 

Ferromagnetic particles occur in very low abundances in 
most fly ashes of alkaline character and are therefore of 
minor importance with respect to the weathering of such 
ashes. The weathering behaviour of ferromagnetic particles 
may however be significant in the weathering of Fe-rich 
ashes such as those produced by some eastern U.S. Ueibreies. 
The interior of the ferromagnetic particles of the ashes 
used in this study contained agglomerates of small cubes, 
each reflecting the crystal habit of Fe spinels. These cube 
agglomerates were very resistant to the imposed weathering 
regimes. The outer surfaces of the ferromagnetic particles 
were composed of material that readily dissolved with acid 
leaching. The data %of this investigation suggested 
dissolution of ferromagnetic particles will not likely 
involve extensive release of first row transition elements 
(notably Mn in this case) which normally are concentrated in 
the ferromagnetic fraction as substituted elements in _ the 
Spinel structure. 

A sequence of secondary phases formed during the 
artificial weathering of the ash in this study. An initial 
secondary phase to form was Ca(OH)2 (portlandite). Ee 
formed only in the Sundance ash through the hydrolysis of 


large quantities of CaO and was persistent for only a very 
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limited time. The presence of Ca(OH)%tinaithe, ash swasun not 
observed directly but inferred by comparison of the elevated 
pH values and concentration of Ca in the initial leachates 
with known thermodynamic stability relationships. A large 
percentage of the total Ca in the unweathered ash must occur 
assmicaQuedni lorder wWiorr\Ca (Obs e'toraformi.er Dassociationsiof 
Ca(OH), was primarily responsible for the alkaline reaction 
of the ashes. 

Theymaine Cat precipitationysmipreducts iniethelkashes was 
CaCOs, It | formeds, throughs the reactaon ofsCa),..redissolved 
from Ca(OH), or dissolved from the external glass phase of 
the ash, with CO2z which dissolved readily in the alkaline 
leaching solutions. Thestwresenceon oforCaCOstatins the ash 
accounted for most of the alkaline buffering that occurred 
within the pH range of 8.5-9.0. Much of the CaCO; formed 
calcite on the core surfaces. The CaCO; which precipitated 
within the ash cores formed crystals resembling aragonite in 
crystal habit. Other Ca precipitates included gypsum in the 
H,SO, leached columns and a Ca-salicylate in the organically 
leached series. Formation of gypsum and Ca-salicylate was 
Besenthadly affunction of, theamnigh Beoncentrations |) ofcota, 
SOzZ-, and salicylate in the initial leaching solutions. 

Acddifdecationgeoft ithe ashes occurred after all 
carbonates were redissolved and removed from the ash cores. 
The acidic pH levels generated in the ash cores were 
dictated primarily by the initial pH of the unreacted acidic 


leaching solutions. Dissolution of the external glass of 
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the particles occurred following acidification and accounted 
for the release of high levels of Si and Al, along with 
lowe rarevelstiofar 4,5 Mo, &Casy WascoiKius andem other cielements: 
Silicon and Al translocated during mineral acid leaching was 
deposited in alkaline environments, evidently as 
proto-imogolite. Material more characteristic of allophane 
was detected in the organic’ acid leached ashes. Sodium and 
K did not precipitate in the ash cores. Dissolved Ca and Mg 
became incorporated into carbonates in the alkaline ash 
columns. LEon experienced limited translocation and 
precipitated almost entirely in an amorphous form, likely as 
Geatings . on ash particles. No crystalline forms jof Fe were 
detected in the precipitates. Lron precipitates "in the 
organically leached series were more dispersed among the ash 
columns than those formed in the inorganically leached 
series. 

In conclusion, the weathering of fly ash of alkaline 
reaction takes place in a predictable sequence. Initially, 
highly soluble salts are dissolved and leached from the ash. 
The hydrolysis of CaO generates initial high alkalinity and 
high levels of soluble Ca. Some of the leached Ca becomes 
incorporated into CaCO; on reaction with dissolved CO2z under 
alkaline conditions. Calcium carbonate is the major 
buffering agent in the ash under alkaline conditions. After 
dissolutvonmucue CacO;.), “the Vracid uty of the weathering 
environment is dictated primarily by the nature of the 


feachinagsolution. Under acidic conditions Al, ‘Si. and Fe 
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rapidly dissolved from the glass of the external regions of 
the ash particles. Dissolved Fe is minimally translocated 
and precipitates in an X-ray amorphous form. Dissolved Si 
and Al precipitate when translocated into a more alkaline 
environment as noncrystalline clay minerals. This 
weathering sequence is very Similar to the natural 


weathering of glassy materials of volcanic origin. 
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Table A'-2 
Rep. 1 
Inc.# Column Number 
1 2 3 4 
1 11.55 11.80 11.85 c 
2 16.26 VOSCC) Tie Sse ait 
3 9.70 10.20 10.40 10 
4 9.30 10.20 10.80 10 
s 8.95 9.80 10.15 ¥9 
6 6.05 $2.90 9$.80 10 
7 4.50 93.85 $.90 10 
8 4.25 9.85 §.80 10 
9 4.15 9.45 9.85 3 
10 4.10 $3.60 $3.65 10 
11 4.10 $.40 97. 90, AO; 
12 4.10 9.60 9.35 9. 
13 4.158 9.60 9.65 ox 
14 4.10 9.45 s.60 he 
15 4.10 9.25 3.80 sg. 
16 4.20 9.45 9.10 9 
17 4.18 9.05 9.05 8. 
18 4.15 8.95 8.90 9. 
i3 4.10 8.85 93.05 9 
20 4.05 8.78 S205 8 
21 4.10 8.900 8.80 8. 
22 4.15 6.00 8.85 9. 
23 4.05 4. FO> (8.90 3: 
24 3.95 a560 «9:00. ‘8’. 
2s 4.00 4.45 &8.as 8. 
26 4.15 4230 . 8475p 4-8s 
27 4.05 4,20 $8.00 8. 
28 3.95 4.35 6.55 8. 
293 4.00 4.20 8.70 8. 
30 3.85 4.35 8.75 t) 
31 3:80 . +4:.'20 . S00 = 8 
32 3.80 4.20 8.75 8. 
33 3.85 4.10 8.80 8. 
34 3570 74-15 @.90 8. 
35 3.55 4.20 8.85 8. 
36 3.60 4.15 8.65 8. 
37 3.80 4.15 &.80 8. 
38 3250 94>.18 (18.276 8. 
33 3.40 4.20 8.70 & 
40 3.40 4.20 8.65 8. 
41 3.35 4.15 68.85 8. 
42 3.30 4.15 6.60 8. 
43 3.30 4.10 8.60 8. 
44a 3.28 4.10 &.85 8. 
45 3.20 4.15 8.60 8. 
46 3.320: +4). 2S) 28.70" 78). 
47 ai 1S a 15 8.55 8. 
48 StS 4.10 8.40 8. 
a9 3.08. 4.08 16.28 8. 
L Ze) 3.00 4.05 8.15 : 
$1 3.00 4.10 : - 
$2 3.00 = = 
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.78 9.80 
.60 10.05 
.80 $.75 
.85 9.35 
.35 9.75 
.45 9.10 
.os 9.10 
-95 §$.05 
~ 80; “95110 
.55 9.20 
.38 8.90 
.00 8.35 
.65 8.35 
.60 9.05 
.§0 8.90 
ac te Sets 
25 9.00 
40> 8.65 
.25 8.70 
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10 8.70 
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20 (28275 
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.os 8.35 
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Column Number 

1 2 3 4 

= 3.55 11.85 11.90 © 
os 6.80 10.55 11.00 11.60 
25 &.70 10.18 10.68 10.30 
tok) 4.70 10.20 10.25 10 40 
4s 4.185 9.80 10.25 10.20 
30 3.50 9.75 10.00 10.15 
25 3.60 3.80 9.95 10.05 
os 6.258 8.60 9.90 10.05 
os 3.90 9.60 9.90 10.900 
30 3.65 $3.60 9.75 10.08 
8° 3.60 3.40 9.80 10.30 
$0 3.60 §.55 10.15 $3.60 
.85 3.45 9.75 9.60 3.30 
.0o 3.60 $9.45 $.258 S275 
10 3.60 3.30 9.70 §.10 
.90 3.40 9.35 9.10 3705 
.Os 2.35 8.95 9.00 8.95 
15 3.30 8.80 8.90 9.05 
gs 3.25 8.885 $.00 $.20 
95 S530) 6 a SOn Sole 8.95 
0° 3.30 Dick 8.80 s.os 
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.Os 3200 8.10 8.65 8.75 
30 3.20 4.058 8.70 8.95 
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Table Eho Concentration of Ne (ug/mL) in the leachnates of tne Forestburg fly asn leacned 
with ©.005 M sulfuric acid. 


Rep. 1 Rep. = Rep. 3 
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Jeacnates of tne Forestburg fiy asn 
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(ug/ml ) 
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jeachates of tne Forestburg fly ash 


Concentration of Fe (ug/mL) in the 
jeacned with 0.005 M sulfuric acid. 
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Jeachates of the 


(ug/ml) in the 
leacned witn 0.005 M sulfuric acid. 


Concentration of Mn 
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Table 10 Leachate pH values of the 
Rep. 1 
Inc.# Column Number 

1 2 3 4 5 

1 12.30 12),406 12.35 2 2 
G3 19.860 12.30 12 4305 127.26) 12.30 
3 10.45, 12200 20308 2,26) 12.25 
4 10.15 11.80 12.25 12.20 12.20 
5 10.30 10.85 12.15 12.20 12.15 
6 9.98 10:80 11.75 12.16 12.15 
7 9.80 10.25 11.05 12.08 12.25 
8 9.65 10.10 10.70 12.10 12.05 
3 9.45 9.80 10.65 12.00 12.10 
10 9.20 $9.95 10.30 11.60 12.35 
11 3.00 OxSs 102560 VWiA20. 127 10 
12 8.15 10.30 10.65 10.80 12.20 
13 9-30 10.35.10 .10, 38.65 12.00 
14 5.40 $.80 9.65 10.85 11.15 
is 4.80 §$.40 10,30 9.30 9.28 
16 4.50 9.95 9.50 $9.15 8.55 
17 &.30 9520 $3.30 8.85 8.85 
18 4.20 93.05 $5100 59..25 9.00 
19 4.15 8.80 9§.25 9.40 8.65 
20 4.15 &.35 se 30" "8795 8.50 
21 4.158 93.05 $.10 8.30 8.70 
22 @.30 8.75 9.05 8.35 8.85 
23 4.05 8.75 Se 100 S825 8.75 
24 6.10 8.85 oF. 28: $.20 8.85 
25 42108 8298 “87 1s o. 1 5 9.00 
26 4.25 8.70 9.20 93.30 8.45 
27 4.10 8.80 93.20 8.95 8.80 
28 4.15 8.85 8.90 3.00 8.80 
29 4.20 8.40 $3.10 9.10 $3.90 
30 4.15 8.80 9.10 Sos 5 8.70 
31 4520 - 83570... 93 505 86.90 8.70 
32 4.085 6.68 8.90 8.35 &.35 
33 4.15 8.40 8.85 9.10 8.85 
34 3.95 8.45 $.10 §.05 8.65 
35 3.80 8.6060 9$.05 6.95 8.90 
36 3.85 8.40 8.85 9.05 8.80 
Kid 3.70 8.30 9.00 93.05 8.75 
38 3.60 8.20 8.30 8.85 8.80 
339 3.60 8.00 8.80 8.90 9.00 
ao 3.160 (3705 (8: 80) 29) .1/S 8.70 
4i 3.55 ths thy 9.05 8.80 8.60 
42 3.60 7.65 8.65 86.80 $.00 
43 3.658 7.65 82.70 S215 8.65 
44a 3.70 7.60 9.900 8.80 8.80 
45 3.46 7.70 8&.6§ 9.00 8.80 
46 3.40 T2350 8x 78 8.935 8.80 
a7 3.45 6.75 8.80 8.90 8.89 
4s 32309 S218 8.65 8.80 8.80 

48 3.30 4.55 8.65 8.95 - 

so 3.30 4.35 8.65 o ms 

51 3.25 4.40 - : - 

$2 i i to) 0 © C 9 


Sundance fiy 


10.10 10.990 
9.80 10.585 
9.585 10.30 
9.05 10.15 
7.45 10.05 
4.65 10.05 
3.80 $3.80 
3.48 10.15 
Ege Aone he) 
3.30 9.60 
3.25 9.30 
3.10 9.80 
3.15 §.15 
3.05 9,05 
2.35 8.80 
2.80 &.30 
2.95 9.10 
2.90 8.65 
2.85 8.65 
2.80 8.55 
734 the) 8.65 
2.30 8.65 
2.78 6.65 
2.85 8.75 
2.85 8.20 
2.85 8.60 
2.80 8.55 
2.75 8.65 
2.95 8.45 
2.80 8.35 
rth 8.50 
2.80 8.35 
2.80 8.15 
2.80 7.95 
rae 7.80 
2.80 7.60 
2.75 7.60 
2.85 7.60 
2.80 7.65 
2.85 7.80 
2.80 7.40 
2.80 6.75 
2.80 5.65 
2.80 4.80 
2.85 4.45 
to AS 4.30 
2.70 4.40 
2.80 ° 


asn leached with 0.005 M sulfuric acid 


Rep. 2 


3 


10.30 


10. 


Rep 


9405 10.905, 10 
Tid oe Oro: 21.0 
§.10 10 00 10 
4.55 10:75: 10 
4.50 10.00 10 
4.80 10.25 10 
4545 10.25 10 
4 50 10.00 3 
6.00 9.45 10 
a5 9.95 C) 
Seas Sis 3 
4.20 9.00 8 
4.20 8.85 9 
3.50 so t) 
3.60 9.20 C) 
3.80 8.70 8 
3.60 8.60 8 
3.35 8.80 3 
3.30 Co) t) 
3.65 8.75 8 
3.60 8.70 ) 
3.45 8.65 3 
3.60 8.590 8 
3.45 8.65 LY 
3.258 8.70 3 
3.25 8.75 8 
3.40 8.55 & 
3.20 8.50 8 
3.05 8.60 8 
Sao 8.50 & 
ete Uke) 8.45 8 
3.00 8.55 & 
2.85 8.45 8 
3.00 8.05 8 
2.85 7.90 8 
2.90 7.60 8 
2.95 7.45 & 
2.80 7.00 t) 
2.80 6.30 8 
Ze, 5.00 8 
2.65 4.65 & 
2.80 4.60 8 
2.65 4.30 8 
2.85 4.258 8 
2.50 4.25 
2.55 . 


$50 


3 
Number 
3 4 
20 - 


115, 6.054 
60 Hike 1S st 
65. UO 750 
.38 97:5) 1 
so 10.55 1 
25 9.20 
739 a0 
15 8.80 
80 9.10 
oo 9.10 
eS 8.90 
.0o 8.80 
rene &8.3§ 
80 S216 
petite) 9.05 
.Os8 $.05s 
.os 9.20 
.10 8.65 
.00 8.35 
so $.10 
os $.15 
10 8.90 
.95 8.85 
wh Saas 
9s 8.95 
so 8.30 
78 §.00 
30 8.85 
7° 8.80 
7 Ue 8.30 
90 9.05 
95 8.70 
60 8.80 
.65 9.10 
.090 8.70 
60 8.95 
80 8.85 
- 80 8.8s 
7s 8.30 
60 8.95 
7° > 
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Table 12. Concentration of Na (ug/ml) in tne Ieacnates of the Sundance fly asn leacned with 
©.005 M sulfuric acid. 


Rep. 1 Rep. 2 Rep. 3 
Inc.# Column Number Column Number Column Number 

1 2 3 4 7s 1 r3 3 4 s 1 2 3 4 5 

1 35 30 22c tg = 40 110 240 = - 39 90 230 S = 
2 hees 14 37) 180 370 AK) 15 38 230 480 Ta 6 14 39 220 460 
3 8.6 10 14 22 150 8.90 10 13 at 140 8.8 11 14 38) 150 
4 $9.58 V1 us 15 29 8.6 11 12 14 48 190 ue 14 16 32 
5 10 11 14 18 19 10 11 12 17 23 10 12 15S aut 22 
6 12 11 17 19 25 19° 11 14 16 21 11 11 16 19 23 
af 10 13 15 e301 23 10 12 13 ti, 20 10 13 14 aint a 
& 12 12 16 20 CG 11 11 13 18 2 nian 12 uy 20 = 
3 ne 14 14 ° = 10 ued 13 = oD 11 13 14 = = 
10 12 13 - : 23 10 12 = : au 11 12 = = 22 
11 ans = a 17 = 10 = = 15 = 10 = = 16 - 
‘hr > o 14 o = o a 12 = = cs G2 13 2 = 
13 C 12 = a 21 = 11 O = 19 = aie C2 Fo 22 
14 41 2 - 15 - 9.3 = = 14 - 10 a t 15 
15 ° - ate} 2 = = < 12 . - as - 13 2 = 
16 = 14 = S 22 = 11 = . 18 = 13 ~ = mal 
17 12 2 o 18 ~ 10 = 2 16 = he o 2 Wel > 
18 I~ 2 16 = GS © C 14 to = * u 16 r = 
19 * 1s c 2 al c is = = 18 S 15 - = 20 
20 13 © = 13 o Sirs . = 16 - 11 ° - 18 : 
21 = = Si) 3 = o c 14 9 ce t = is = G 
22 C 14 = <2 23 - 12 & * 20 - 14 - - 24 
pe. 12 < o 13 Wie f - = 16 - 11 = © 18 7 
24 . ss ine = = C - 16 G © e: o 4:7, o 
2s Cc 14 = = 20 . 12 = Ce ule c 14 S < 13 
26 12 * GC 16 5 .o : : 14 : 17 - : 16 : 
27 : L 15 - - cd = 13 . : - : 14 : : 
28 G 23 S ° 16 : 4) o - 20 - 12 2 Cc 22 
29 10 = = 19 3 Deas 0 2 17 = $.4 o a 139 : 
30 : - 17 - 3 = : 15 - : : ° 16 s : 
a : 16 2 = 13 - 1 : - ee - 1s - : 19 
32 12 = S 16 - 4 ° = 15 : 11 : - 16 - 
a3 - - 14 : - - : ye} - - - - 15 s © 
34 . 13 ‘ 2 23 = 12 = - 20 © 13 = G 22 
35 1 S 2 19 = 8.0 2 2 18 - 10 = x 20 = 
36 fo = 17 = = © - 15 = : - © 17, S - 
37 : 14 = = 22 : 1 = : 21 - 14 O s ry) 
38 12 Q o 19 = 9.0 - = 18 - 10 - : 13 - 
39 : : 16 ° = - : 16 - : - - 11 : - 
ao : 14 g 2 21 = 13 a a 21 - 14 a S 22 
ai 12 - - 18 = su : : 18 - 4 = : 18 : 
42 = C 16 C = 2 - 16 : . - : 16 = : 
43 - 13 = _ 22 = 1 2 : 21 - 13 c = 22 
44 12 = S 18 - S13 2 = 18 CO 9.4 ° = 19 0 
4s = “ 17 S = = 16 < : = = 18 = - 
46 C 14 = = ok = 14 2 - 20 bd 13 CS = mat 
47 Te = = 16 = 9.4 - =) 17 . 8.6 be 18 =; 
48 - : 15 = 7 - = 15s = 20 < = 15 a 21 
493 = ues = 17 Gi O 12 oS 18 - = 1 - 18 
so 11 c 15 -) S tei f o 16 ° — wea = 16 = 2 
51 C 12 s © ~) = 13 2 - : ° 13 e c se 
52 V1 O o = = 8.8 - ° : : Tana - : = 
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Table 19. Leacnate pH values of the Forestburg fly asn 
7 Rep. 1 Rep. 2 
Inc.# Column Number Column Number 
1 2 3 4 1 2 3 4 s 
1 1-70 A186 V254S = 11.50 11.98 12.05 Gi: i 
2 9.95 11.00 17.60 11,7081 17 95 VOu25 Visus L148 C190 12 
=] 7.30 10.86 10.658 11.08 11.10 8.80 10.85 10.90 11.00 11 
4 SSE. HO0 16 16. Se Ut Oss iit 0 6.80 10.20 10.35 11.05 10 
5 5.20 9.80 10.80 10.90 10.60 5.058 9.85 10.35 10.80 190 
6 4.85 9.85 10.35 10.35 10.55 4.55 10.05 10.480 10.70 190 
7 4.90 9.75 10.10 10.25 10.50 4.85 9.90 10.15 10.45 190 
& 4.80 8.60 10.05 10,30 10.05 4.85 9.80 10.10 10.40 10 
9 4.75 §$.65 10.15 9.95 10.10 4.75 9.80 10.20 9.85 10. 
1° 4.75 $8.50 9.80 10.00 $3.95 4.75 9.60 93.75 10.10 10. 
11 4.70 9.10 $.95 9.75 9.90 4.80 3.25 9.85 3.85 10 
12 4.85 8320 3.70 8. 8S 9.80 &.s5 8.85 9.60 9.85 9. 
WK 4.55 6.65 9.85 9.75 $.90 a36O" TE26> S.:70°. 8°. 8H 10. 
14 4.50 5.85 $9.60 9.90 9.95 4.85 §.90 $3.60 10.00 $3. 
15 4.55 S60. 9. 76m 9).80 $68 4.60 5.55 a.75 $,90 9. 
16 4.80 §.40 8.70 9.65 $§.65 4.60 ($238 9.65: -9..65 9: 
17. 4.55 $§.30 $8.60 9$.75 9.65 4.80 §.25 $.45 92.60 $8. 
18 4.50 §.25 3.55 9.70 9$.55 4.60 5.15 9.40 3.70 Sx 
19 4.55 5.158 9.65 9.65 $§.60 4.55 6.10 9.40 9.60 98. 
20 4.580 §.15 9.55 $9.60 9.65 4.80 §.10 9.40 9$.65 9 
21 4.50 5.00 3.65 g$.80 9.80 4.85 5.15 $.35 a). 805) (9 
22 4.45 $.00 3.70 93.75 8.90 4.85 5.058 9.35 106.060 § 
ae 4.45 5.00 8.65 8.75 8.30 4.55 4.95 9). 35 9.05 9 
24 4.50 5.00 $8.10 9.25 Since 4.s5 4.95 8.95 9.05) “S)* 
25 4.40 &.85 8.935 9.05 $.50 4.55 §.00 8.85 Weitere it Ye 
26 4.35 4.95 9.00 9.60 9$.55 4.45 §.00 8.90 $.75 9. 
27 4.45 $§.00 93.20 9§.S5 §.50 4.60 5.05 9.10 $:.6§ 3. 
28 4.80 §.10 9.30 $.4§& 8.50 4.38" °S.20 ~8.60° 9360" 9: 
23 4.35 5.00 8.80 $.460 8.55 4.s5 5.05 790, 3°.80  —-S8:. 
30 4.30 4.90 7.90 93.55 9.60 4.360 §$.00 7.460 3.70 9%. 
31 4.30 4.90 8.00 93.55 9.60 4240) S20 (720) 97. 65 9. 
32 4.30 4.90 6.25 §s.s58 $.55 4.55 §.00 7.00 $.80 9. 
33 4.40 4.85 6.15 9.45 9.40 4.50 4.95 6.60 $8.85 9. 
34 6.40 4.90 §.85 9.40 9.45 4.55 4.85 6.40 9.40 9. 
35 4.35 4.885 §.75 9.30 4,50 §.00 6.15 9.40 ° 
36 4.35 4.85 5.65 - 4.60 4.80 6.25 . - 
37 4.30 4.90 >. - 4.50 4.80 : : - 
38 4.40 = 2 o 4.50 : : : - 


lution. 


Rep 


2 3 


3 

Number 

4 
os = 
4S 11.75 
wo ey neo 
POs hal to 
§°0 10.95 
40 10.40 
15 10.30 
10 10.40 
25 10.05 
go 10.05 
.85 8.75 
ao 3.80 
70 9.70 
60 9.85 
7s 3.90 
65 3.70 
so o2.65 
4s 9.70 
4s 9.70 
30 9.65 
25 9.80 
.35 9.30 
25 9.00 
7S 9.20 
60 $.05s 
ss $.80 
.90 9.70 
.os 3.60 
40 §.s0 
20 g.70 
es 9.65 
so 9.45 
.30 9.50 
.30 9.45 
Ke) 9.30 
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Table 23. Concentration of Mg (ug/mL) in the leacnhates of the Forestburg fly ash 
leached with AASA solution. 


Rep. 1 Rep. 2 Rep. 3 
Inc.# Column Number Column Number Column Number 
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3 16 °o.2 °o.1 °o.1 0.0 15 ona o.1 oO: 0.0 16 °o.3 °o.1 O54 °o.°0 
4 20 °o.4 0.2 Orn °o.1 20 Ons Old On Oni 21 °.4 OZ °o.1 Oo 
5 18 0.6 Ora: °o.1 Orn 18 °.5 O22 Ora (oR 13 °o.6 On O51 oi 
6 16 bars °o.3 OF: o.1 13 tee °o.3 (e531 °o.1 bed V3 Orne: O\nr2 o.1 
7 14 30) (Ol:3) 10.2 (Ola 14 2.9 °.3 O25) 5O).m 14 3 7: Ons Ova)» 10) 
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23 2 14 . °.6 3 - 13 - 0.6 : - 12 : °o.7 - 
24 $.s - 4.4 G 0.4 6.4 OG 8.3 = o.3 6.0 = 3.3 - °.3 
2s = 11 = °.8 - = 12 2 OG - = 11 < °.8 > 
26 S23 5 7.6 S 0.4 6.2 e 8.3 = 0.4 s§.5 - 10 = °.4 
27 = 13 . 1.6 3 : 13 : 1.4 : ° 13 - 110) 2 
28 s.9 = 10 2 °o.5 6.5 - 10 * °.5 6.3 : 12 = 6).15 
29 = 10 = ae a . 10 : 2.4 ° : 10 : 20% ‘ 
30 4.4 13 - Orns $.2 > 11 : °.58 S41 : 14 ° Ch ct 
31 . 9.0 a 3.1 C D 9.0 = sire = C Sinz - 23 = 
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33 = &.6 O° 5.5 - Os 8.6 - 4.7 - . ‘Siea : set - 
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36 4.9 © 18 . 2 5.7 g 16 : - 5.6 ° 18 a < 
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Table 30. Concentration of Na (ug/mL) in the leacnates of the Sundance fiy ash leached 
with AASA solution. 


Rep. 1 Rep. 2 Rep. 3 
Inc .# Column Number Column Numoer Column Number 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 
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Yeacnates of the Sundance fly ash 


(ug/mL! im the 


Yeacned with AASA solution. 


Concentration of K 


Table 31. 
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Jeacnates of the Sundance fly ash 


in the 


(ug/mL ) 


BASA solution. 


Concentration of MG 


Table 32. 
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jeacnates of the 


in the 


(ug/mL) 
Yeacned with AASA solution 


Concentration of Mn 
Sundance fiy asn 


Table 34. 
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